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Facts and Procedural Background 

The present patent matured from an application (serial no. 09/445,733) which entered the 
National Phase in the Untied States under 35 U.S.C. §371 based on International Application Serial 
No. PCT/US98/12295. The International Application was filed claiming priority to United States 
Patent Application Serial No. 08/873,952 (now U.S. Patent No. 6,086,999). As shown on the 
attached copy of the Transmittal Letter to the United States Receiving Office dated June 12, 1998 
filed at the time of filing the International Application, Applicant in Section II. D indicated that the 
International Application was identical to United States Patent Application Serial No. 08/873,952. 
As explained below, this was an inadvertent error made by Applicant's representative v^thout any 
deceptive intent. In actuality, as clearly indicated by the record as evidenced by comparing the 
specification of the International Application as filed with the specification of United States Patent 
Application Serial No. 08/873,952 (see the attached document comparing the written texts of United 
States Patent Application Serial No. 08/873,952 as filed and International Application Serial No. 
PCT/US98/12295 as filed), substantial additional subject matter was added by International 
Application Serial No. PCT/US98/ 12295. It is believed that this inadvertent mistake by Applicant's 
representative at the time of filing International Application Serial No. PCT/US98/12295 led to the 
incorrect characterization of International Application Serial No. PCT/US98/12295 as a 
continuation of United States Patent Application Serial No. 08/873,952 in the PALM database of 
the USPTO. In fact, the proper relationship between the above two applications is that International 
AppHcation Serial No. PCT/US98/12295 is a continuation-in-part of United States Patent 
Application Serial No. 08/873,952. In order to comply with the requirements of 35 U.S.C. §120 
and 37 C.F.R. §1.78(a)(2)(i), AppUcant wishes to correct the presently recited familial relationship 
between International Application Serial No. PCT/US98/12295 and United States Patent 
Application Serial No. 08/873,952 as indicated in the appended Certificate of Correction. 

Applicant initially submitted a Request for Certificate of Correction under 37 C.F.R. §1.323 
on September 15, 2004 for the above-identified issued patent requesting that in Column 1, Line 14, 
the text be corrected to read "is a continuation-in-part of instead of "claims priority to" as printed. 
On May 24, 2005, the Patent Office issued a Certificate of Correction; however, the correction 
substituted "is a continuation of for "claims priority to" instead of substituting "is a continuation- 
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in-part of for "claims priority to" as Applicant requested. The image file wrapper available on 
public PAIR indicates that on November 21, 2004, Supervisory Patent Examiner Michael P. 
Colaianni indicated that Applicant's request should be denied because the PALM database indicated 
that International Application Serial No. PCT/US98/12295 was a continuation of United States 
Patent Application Serial No. 08/873,952 and not a CIP. As noted above and as indicated by a 
review of the record [specifically by comparing the text of the applications as filed], this 
designation is incorrect and was due to an inadvertent error of Applicant's representative. 

Applicant believes that the initial submission in support of the issued Request for Certificate 
of Correction under 37 C.F.R. §1 .323 may have inadvertently created confusion as to whether the 
above-identified issued patent is properly a continuation of or a continuation-in-part of U.S. Patent 
Application Serial No. 08/873,952 (now U.S. Patent No. 6,086,999). Specifically, it is noted that on 
the copy provided of the Transmittal Letter submitted to the United States Receiving Office with 
International Application No. PCT/US98/12295 upon filing of the International Application, which 
is also included as part of the present submission, in item II. D, the box indicating that the 
International Application "is identical to" U.S. Patent Application Serial No. 08/873,952 was 
checked. This was an inadvertent error made in good faith without deceptive intent. Instead, the 
box adjacent to item ILE should have been checked, indicating that the International Application 
"contains additional subject matter not found in [U.S. Patent Application Serial No. 08/873,952]." 
It is readily apparent upon reviewing the text of U.S. Patent Application Serial No. 08/873,952 as 
filed and Intemational Application No. PCT/US98/12295 as filed that the specifications are not 
identical and that additional text was included in Intemational Application No. PCT/US98/12295. 
Accordingly, it is believed that it is clear from the Patent Office Record that the proper relationship 
of Intemational Application No. PCT/US98/12295 to U.S. Patent Application Serial No. 08/873,952 
is as a continuation-in-part. 

On June 21, 2005, Applicant mailed under 37 C.F.R. §1 .8(a) a Supplemental Request for 
Certificate of Correction under 37 C.F.R. §1.323 requesting that the language of the priority claim 
be corrected to recite the proper relationship of CIP. A letter addressed to Applicant's 
representative dated August 3, 2005 in the image file wrapper indicates that Applicant's 
Supplemental request was denied. Applicant notes that the delay in making this Second 
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Supplemental Request is owing to the fact that Applicant's representative has no record of ever 
having received the above letter denying Applicant's Supplemental Request. The basis of the denial 
given in the letter is that because the language of the priority claim is in accord with the record of 
the USPTO and because the error was, therefore, no fault of the USPTO, it has no authority to issue 
a Certificate of Correction under the provision of 37 C.F.R. § 1 .322. It is respectfully believed that 
the basis for this denial is incorrect. Applicant notes that the previous request was made not made 
pursuant to the provisions of 37 C.F.R. §1.322 but rather pursuant to the provisions of 37 C.F.R. 
§ 1 .323, which permit correction of applicant errors that are no fault of the USPTO. It is just such 
an error - an inadvertent mistake by Applicant in failing to properly note the relationship between 
applications in a priority claim - that Applicant now wishes to correct. This mistake is clearly 
correctable via Certificate of Correction under 37 C.F.R. §1.323 as indicated in MPEP §1481.03. 
As shown below, all of the requirements set forth in MPEP §1481.03 for correcting an incorrect 
reference to a to a prior copending application pursuant to 37 C.F.R. § 1.78(a)(2) are satisfied in the 
present case. 

In support of the present Second Supplemental Request for Certificate of Correction , as 
indicated below. Applicant includes as part of the present submission a document comparing the 
written texts of U.S. Patent Application Serial No. 08/873,952 as filed and International Application 
No. PCT/US98/12295 as filed illustrating changes and showing that the proper relationship between 
these applications is that International Application No. PCT/US98/12295 is a CIP of U.S. Patent 
Application Serial No. 08/873,952 and not a continuation. 

Summarizing the basis and support for the present Second Supplemental Request for 
Certificate of Correction under 37 C.F.R. §1.323, Applicant inadvertently did not properly indicate 
the relationship between Intemational Application No. PCT/US98/12295, of which the instant 
patent was granted on a national stage filing thereof, and U.S. Patent Application Serial No. 
08/873,952 (now U.S. Patent No. 6,086,999) to which the Intemational Application claimed the 
benefit of priority. The priority claim should have recited that Intemational Application No. 
PCT/US98/12295 is a continuation-in-part of U.S. Patent Application Serial No. 08/873,952, now 
U.S. Patent No. 6,086,999. The attached certificate of correction effects this correction. The 
mistake was made in good faith. 
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Applicants note that the instant application was granted on an application filed prior to 
November 29, 2000, and that, therefore, the version of 37 C.F.R. §1.78 in effect as of November 29, 
2000 applies. Applicants further note that all of the requirements set forth in the version of 37 
C.F.R. § 1.78(a)(1) in effect as of November 29, 2000 have been met in the application that matured 
into the instant patent to be corrected. In addition, it is clear from the record of the patent and 
patent application (e.g. via a comparison of the written texts of the applications as filed) that the 
indicated priority is appropriate, even though the priority data indicated in the PALM database 
erroneously lists the relationship as "continuation" ov^ng to Applicant's inadvertent mistake, as 
noted above. As evidence, Applicant includes herewith a copy of: 

(1) copies of the Transmittal Letter (mistakenly indicating that International Application 
No. PCT/US98/12295 "is identical to" U.S. Patent Application Serial No. 08/873,952 
instead of indicating that the International Application "contains additional subject matter 
not found in [U.S. Patent Application Serial No. 08/873,952]" -see discussion above) and 
PCT Request form submitted to the United States Receiving Office v^th International 
Application No. PCT/US98/12295 upon filing, which clearly indicates that the International 
Application designated the United States of America (page 2 of Request) and claimed 
priority to U.S. Patent Application Serial No. 08/873,952 (page 3 of Request); 

(2) a copy of the Notice of Status of Requirements Under 35 U.S.C. 371 form mailed by the 
U.S. Patent and Trademark Office upon receipt of the International Application indicating 
the International Application Number and acknowledging Applicant's priority date claimed 
(i.e. the 12 June 1997 filing date of U.S. Patent Application Serial No. 08/873,952); and 

(3) a document comparing the written texts of U.S. Patent Application Serial No. 
08/873,952 as filed and International Application No. PCT/US98/12295 as filed and 
showing changes with text added in the International Application indicated in double 
underline and deletions of text present in U.S. Patent Application Serial No. 08/873,952 in 
strike-through. 
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Conf.No.: 1310 



It is requested that the undersigned be contacted by telephone call at (617) 720-3500 with 
any questions relating to this Request. 

Please charge any fee or any fee deficiency occasioned by this Request not covered 
by any enclosed check to Deposit Account No. 23/2825. 

Respectfully submitted, 




Michael J. Pc^ianek, Reg. No. 46,190 
WOLF, GREENFIELD & SACKS, P.C. 
600 Atlantic Avenue 
Date: July Zj ,2006 Boston, MA 02210-2211 

XNDD 1056103.1 Tel. (617) 646-8000 
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InvGntoi-i This aonl ication claims p rir>ril-v to U S SPr No OR/pt^ qc^o 

>June 12, 1QQ7, hy Victor M. Ilyashenk o Attorncy'a Dookct No.. d of»^-^"J^ 

METHOD rOR PRODUCING A GRADED INDEx '^ 
PLASTIC OPTICAL DIATERIAl ''* 

GOVERNMENT FUNDING 

r,..^ '^■^l invention described herein was made in whole or in 
pffL'^'K support under a contract issued by the Defense Advanced 

Research Projects Agency (DARPA) in response to DARPA solicitation tB^sS-Ig and 
under contract number DAA20L-94-C-3425 with the Defense^' Wnced Research 



Projects Agency ( W^^R^^') . The United States Government may have certain 
rights in the invention. 

BACKGROUND OF THE INVENTION 

Optical resin materials which are characterized by a distributed 
refractive index have domonotratod uocfulncj j '^ proved useful '^ in the 
construction of optical conductors such as, optical 

fibers, optical waveguides, aft^^°optical integrated circuits aa well aa^', 
the corresponding preforms e#^^from which^" these ogtisal^^conductors^arg ' 
fabricated . In general, plastic or polvmerir ^^on^-ioAi fibers (POF) are 
considered an attractive alternative to copper cable and glass optical fibers 
Typically, the plastic optical fiber (or thin, flexible optical ^Knd) 

has a an elongated core within which the majority of the ^^linhh travels in a 
generally axial direction and a sheathing layer which coaxiallv " snrrnnnHc the 
core— and confines the 
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7* light to the core and posacaaca^ W to its h^vinn^^ an index of refraction 
less than that of the core. 

The refractive index distribution of plastic optical fibers can be 
classified as either a_ 'gradient (or graded^ ""inri^v or step index. However, 
^*a4e^ gradient index^ plastic optical fibers (GI POF) are preferred over step 
index fibers for many data communication applications. That io, thc^^ due to 
their superior bandwidth capaci .ty. The' *^ index of refraction/^ in a 
q^B&4e^ gradient index plastic optical fiber has a distribution th^t 
continuously changes within t he core of ths "^ fih^r-. r^onor-^ny 
dcorcaaco decreasing^ radially from a maximum value at ^\he core cantor 
""''"^^^ central axis outwarHly ^"nnhii it ma-feeheg^^ approaches the lower indev nf 
refraction^of the sheathing jrft4e«-^^at or near ^^ the core-sheathing interface. 
Therefore, Due to this continuously vary ing refractive index within thf> r.n-r^. 
the optical fiber acts like a lens tending to refocus light ray s, reducing th^i^ 

propagation in non-axial directio ns, so th^.t*'" ^ ^ nht ^.y. ^r.i-^^,r.^ ^-k ^ ^ 

small angle, with respect to the axis, follow undulating paths, which ia not the 

with relatively small devia tions from the axial direction wh^n 
compared to light propagation in^^ a step index type fih^r. iPb^^'^Tn addition. 
iM speed of the light rays along thc ^^ following^ *' undulating pathsincrcaaca^^ 
is higher in the regions of lower refractive index so that the total ^ 'travel 
time along thcac for light ravs follow ing undulating ^' paths is nearly equal to 
that along the those f on owi ng ..^^ straight axial path. This results in, for 
example, a fiber with a wider bandwidth of transmission with minimal modal 
dispersion and a more rapid information flow than that obtained with step index 
plastic optical fibers. 

In general, typical ^^methoHs of fabricating gga^e^^ ^gradlent ^^ index 
plastic optical mntoriala eom u il j J ^f ibers involve "^' preparation of a polymeric 
sheathing and a^polymeric core disposed within the sheathing/" in a coaxial 
^^^ptien^ The refractive index of the core and sheathing are different 

and, for most optical conducting applications.^^ the refractive index of 
the core is greater than that of the sheathing. Frequently, the core is made of 



the s^e polymer as that which comprises the sheathing but, in addition^ 
fuEther includes a non-polymeric substance (commonly referred to as a dopant) 
which CQuooa increases the refractive index of the core fee-be^ ^o that it is *^ 
greater than that of the sheathing. ^i^'^See for example, U.S. Patent No. 
5,541,247 to Koike. 

However, currently available methods of fabrication have significant 
shortcomings. For example, the type and ^'^amount of dopant '^substances which 
can be incorporated into the ==*== 

-5 core^and still provide a ^p^aded'^^ gradient '^ index plastic optical 

mate^ article which. maintains both sufficient ontir.^1 ^^n.n.p.^^..^, and an 

acceptable difference in the refractive index between the sheathing and the 

core, are limited. Therefore, a need exists for methods and materials useful 

for fabricating g raded improved aradi f>nf '°' index plastic optical 

motcriQla articles '"^ . 

SUMMARY OF THE INVENTION 

One aspect of the present invention is based upon the discovery 
that , ourpriaingly,^ ^ a ^^aded'^ ^gradient '"^ index plastic optical 
matcriQl^^^article having excellent optical characteristics can be 
QchicvGd produced"^ using a method of manufacturing, v>hich "^ fabrication j-haj- "" 
incorporates a low refractive index dopant (i.e.^"^ having a refractive index ^'*' 
lower than that of the polymer e#"* comprising "' the sheathing but without the 
"dopant ) in the sheathing of the matcrial ^' article '^^. 

The present invention ^feae-'^ in another aspert '^'* relates to a 
€f*«ded qradient^^^ index plastic optical matcrial ' ^article '^^ and methods of 
processing the material . '^ ^rticle . '^^ The mefehed" ' met hods '" of the invention 
•providcG provide for the use of a significantly broader selection of dopant 
and polymeric materials which conQcqucntly providca a gradcd ^^ can be used to 
produce a functional or^Hi ^t,i-"7 ^^^^^ plastic optical ^ibe^"^ article '^' with 
excellent optical characteristics . For example, themefehed''* " methods "" of the 
invention allov.a allow for''*^ control of the ^feded'^^ ^gradient '"^ refractive index 
of the material and thcroby produccn a gradcd '^' ^for a wider range of differences 
in refractive indicies between the core and sheathing for a given concentration 
of core dopant thfrebv producing a gradi Pnf '''^ -i nH^v pi=,.,i-^^ ^p4-^^^1 
"^^^^^^^^ article with a low loss due to light aM-^nn^i-i nr. '^° and broad 
transmission bandwidth, having a high level of transparency, a substantial 
absence of bubbles and good environmental stability, for example, enhanced 
thermal^ stability and resistance to humidity. 

A ^Qne method for forming a ^j?eded'^^ gradient index plastic optical 
material article according to the invenl-inn'^^ n^^mp^^ o^o the steps of: (a) 

forming a transparent tube of sheathing material oomprioing 
a including at least one '^sheathing polymer and e"^' at least one '^^ sheathing 
dopant; and (b) forming a transparent core within the sheathing tube produced in 
step (a) by: (i) filling the interior space of the sheathing tube,-'" with a core 
solution oomprioing a ooi c ' "including at 1e;,.st nr^J ^^ polymerizable core '" 
monomer which upon polymerization has a refractive index 



greater than that of the sheathing tube; and -f'^^ii) allowing the ee^e 

polymerizable core monomer to polymerize thereby forminq a 
1 *71 . 172 

poliTOcr polymeric core having a refractive index greater than that of the 

sheathing tube such that the fflateriai'"ar£icle'''* is suitable to conduct light^'^^ 
at at least one wavelength with an atte nuation less than 500 dB/km. The core 
solution can comprise ^include an optional core dopant. When present, the 
core dopant will have a refractive index greater than that of the polymer 
obtained upon polymerization of fehe'^V^" core monomer^'^^ solution oolvmerized 
under the same conditions h ut not including the core dop ant. Thl pr-r^H.,^^ 4-k.,o 
obtained, is a ^fade^'^^ gradient '^'* index plastic optical matcrial'^^ article '^^ 
having an outer tranoparcnt 'sheathing and an inner core both at least 
partially transparent eo^e^'^ ^to light at at least o ne wavelength. The 
refractive index of the central axis of the '^'cor^ -^^^^flllJ:^' g^^^^^- than 
that of the sheathing such that the matcrial '^ Vticle '^^ is suitable to conduct 
"""^^^^m^ least one wavelength with an attenuation less than about 500 
dB/km , with the refractive index of the core pref erably"^^ nr»<iu^My H».-.-o^o-; 
in a radial^direction from the eeafee^'^^ central axi.s '^ of the core to the 
periphery^ of the core at the core-sheathina interface. In^ °' general, the 
material article is fabricated^ in the shape of a preform rod. Preferably, 
the preform rod has a cylindrical shape which can be drawn into fibers. 

In a prcfcrrcd ^°^gae^'^ embodiment, the sheathing tube is made by extrusion 
methods. Alternatively, the sheathing tube can be produced by: (a) placing into 
^ P?no^®^^^^^^°" container a sheathing solution compriaing a^ °'' includina at ^ ea.<:!^ 
gnt sheathing polymerizable monomer and a at least one^ ^" sheathing dopant, 
the sheathing dopant having a refractive index lower than that of the polymer 
obtained by the polymerization of ti^^^^a^^^ sheathing monomer solution under thP, 
same conditions but not inc luding the sheathing dopant^ ^^: and (b) causing the 
sheathing monomer of the sheathing solution to polymerize within the 
polymerization container jrft^^'^into^^^ a cylindrical configuration to form q 
tranaparcnt sheathing tube-;r at least partially transparent to light at 

at least^one wavelength. ^^^Th^ invention further provides a method for forming 
a ^^^^e^^^^qradient index plastic optical fiber. The gradcd ^^^ ln the method, thm 
gradient index plastic optical matcrial ^^ar^cle^^'^ is prepared, for example-^^^ 
as described above, in the shape of a preform rod which eee^^^ig^^ then be 
siabjected to hot-drawing at a tompGraturc and spccd ^^^ 
229 

agitable to render the fiber useful ap an optioQl conductor . ^^ Vredetermined 
temperature and speed suita ble to produce a fiber useful as an optical 
conductor. In one embodiment, the monomer of the sheathing solution and the 
monomer of the core solution are the same. Suitable monomers include those which 
form polymers that are substantially amorphous and capable of conducting light 
at the desired wavelength f s) . For embodiments where the core polymer and the 
sheathing polymer are the same, when a core dopant is used it will be different 
from the sheathing dopant. 

In another aspect gradient ind ex plastic optical articles of the invention 
comprise: (a) a polymeric shea thing that is at least partially transparent tn 
light at at least one wavelength incl u ding at least one sheathing polymer and ^t 



least one . sheathing dopant, where thP. sheathing dopant has a refractive index 
which is less than that of the sheathina polYmer; and (b) a poly m eric core. 
coaxially disposed within the sheathin g, including at least one core polymer and 
having a refractive index at the ce ntral axis of the core greater than that of 
the polymeric sheathing. In some embodiments, the polvmeric core further 
includes at least one cor e dopant, the core dopant, when present, having a 
refractive index which is greater than that of the core polymer. In preferred 
embodiments, the core d opant has a concentration gradient in a sp ecific 
direction. 

In Q ccrtQin Gmbodimcnt, the monomer of the ohoathing oolution and the 
monomer of the core oolution arc the aamc . ^^^ Suitablc monomoro includo thojc 
v^hich form polymcro that are Gubotantially amorphouo and eapablc of conducting 
light in tho dooircd v^avelcngth. In thio cinbodiment, when q core dopant io uocd ' 
it v^ill be different from the oheathing dopant. ' ^^'^ 

The graded index plaotic optical material of the invention compriGco (a) a 

tranoparont oheathing comprioing a oheathing pol^yTacr and a Qheathing dopant, 
wherein some embodiments, the plastic optical article is in the shape of a 
cylindrical preform rod. In other embodiments, the article is in the shape of a 
cylindrical fiber havin g an outer diameter preferably betw een about 0,1 
millimeter and about 1 millimeter .^ ^^ 

In yet another as pect, the invention involves a gradient index p lastic 
optical article with a p olvmeric sheathing and a polymeric core. The polvmeric 
sheathina is at least partially t ransparent to at least one wavelength of light 
and includes a sheathing polymer and a sheathing dopant, where^ "^"^ the shf^;:ithi nrr 
dopant has a refractive index which is less than that of the oheathing polymer; 
and (b) a tranoparont core/ ^"^^ 

an eguivalent polvmeric s heathing without the sheathing dopant. The polymeric 
core of the article is coa xially disposed within the sheathing, comprioing a 
core polymer having a refractive index greater than that of the oheathing and an 
optional core dopant, the oore dopant, when preocnt, having a refractive index 
which io greater than that of the core polymer; wherein the core dopant hao ^^^ 
a concentration gradient in a opecific direction. The refractivG index of the 
core io greater than that of the doped oheathing. ^"^^ 
In a preferred embodiment/ the material io in the^ "^^ 

shape of a cylindrical preform rod. In another application^ '^ ^hc material io in 
the ohape of a aylindrical fiber having an outer diameter between about 0 2 
millimetcro and about 1 millimeter . ^"^ is at least partially transparent to at 
least one wavelength o f light and includes a core polymer. The polvmeric core 
also has a gra dient in refractive index in a specific direction . "^"^^ 

In another aspect, the in vention provides a method for forming a gradient 
index plastic optical article. T he method involves forming a tube of polymeric 
sheathing material that is at least partially transparent to at least one 
wavelength of light from at least one polvmerizable sheathing monomer and a 
sheathing dopant. A polymeric co re that is at least partially transparent to at 
least one wavelength of light is then formed within the tube by filling the tube 
with a composition inclu ding at least one polvmerizable core monomer and 
polymerizing the monomer. The polymeric core thus formed has a gradient in 
refracti ve index in a specific direction^^ 

The invention also involve s a gradient index plastic optical article which 
has a polymeric sheathing that includes a sheathing dopant. ^ ^^^^^ "^^^ ^ 

In another aspect, the inv ention involves a gradient index plastic optical 
article with a polymeric sheathing and a polymeric core. The polymeric 



sheathing is at least part ially transparent to at least one wavelength of light 
and includes a sheathin g polymer. The polymeric core of the article is 
coaxially disposed within the sheath ing, is at least partially transparent to at 
least one wavelength of light an d includes a core polymer and a specific overall 
concentration of a core d opant that has a refractive index greater than that of 
the core polymer. Furthermore, t he core dopant has a concentration gradient 
within the core in a specific dir ection. The polymeric sheathing of the article 
is constructed and arranged so that the difference in refractive indices between 
the central axis of the polymeric core and the polymeric sheathing exceeds the 
difference in refractive i ndices between the central axis of the polymeric core 
and the sheathing polymer. ^"^^ 

=^ In one aspect, the in vention involves a gradient index plastic optical 

article with a polymer ic sheathing and a polymeric core. The polymeric 
sheathing is at least pa rtially transparent to at least one wavelength of light 
and includes a sheathi ng polymer. The polymeric core of the article is 
coaxially disposed within the sheat hing^ is at least partially transparent to at 
least one wavelength of light and includes a core polymer and a core dop ant that 
has a refractive index g reater than that of the core polymer. The core dopant 
is present in the polym eric core at a first overall concentration sufficient to 
create a difference in refractive indices between the central axis of the core 
and the sheathing of a desired value. In addition, the core dopant has a 
concentration gradient within the core in a specific direction. The polymeric 
sheathing of the arti cle is constructed and arranged so that the maximum service 
temperature of the artic le exceeds that of an eouivalent article except having a 
sheathing comprised o f only sheathing polymer and having a second overall core 
dopant concentration r eguired to create a difference in refractive indices 
between the central axi s of the core and the sheathing equal to the same desired 
value. In general, this increase in the permissible service temperature for 
articles manufactured according to the present Invention having a particular 
difference in refracti ve indices between core and sheathing is enabled by the 
ability to use a lower amount of core dopant in order to create t he desired 
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difference in refractive indices. 

In yet another aspect, the invention involves a gradient index plastic 
optical article with a polymeric sheathing and a polymeric core. The polymeric 
sheathing is at least pa rtially transparent to at least one wavelength of light 
and includes a sheathing polymer. The polymeric core of the article is 
coaxially disposed within the sheathing, is at least partially transparent to at 
least one wavelength o f light and includes a core polymer and a core dopant that 
has a refractiv e index greater than that of the core polymer. The core dopant 
is present in the polym eric core at a first overall concentration sufficient to 
create a difference in refractive indices between the central axis of the core 
and the sheathing of a desired value. Furthermore, the core dopant has a 
concentration g radient within the core in a specific direction. The polymeric 
sheathing of the artic le is constructed and arranged so that at least one 
wavelength of light is c onducted by the article with less attenuation than by an 
eguivalent article exce pt having a sheathing comprised of only sheathing polvmer 
and having a second ov erall core dopant concentration reguired to create a 
difference in refractiv e indices between the central axis of the core and the 
sheathi ng equal to the same desired value. 

In one aspect, the invention involves an optical preform article. The 
preform includes a polym eric sheathing, which is at least partially transparent 
to at least one wavelen gth of light and has a refractive index of a first value 
at that wavelength. The polymeric sheathing includes a sheathing polvmer and a 
plasticizer. The preform also includes a polymeric core, which includes a core 
polvmer, that is coaxially disposed within the sheathing and is at least 




partxally transparent to th^ .game wavelfin g th (s> of light as the polvmerin 
sheathing, and which has a rp.fractive i ndex of a second value at the central 
axis of the core at that w^.lengt h. T he preform is fabricate d so thaTTh^ 
second va lue of ref^tive index (i.e. at the central ^vis of the Doly merin 
core) exceeds the f irst value (i.e. of the sheathing) 

=^ 1" another aspect, the invention involves a method for making a plurality 

of optical preform articles. The method involves forming a pl urality of 

polymeric sheathinns. each of which incl udes a sheathing doI ymer. is at lea.^-h 
partially transparent to at least one wavel ength of light, and has a refrantTve 
index of a first value at that wavelength. T he method also involves forming a 
plurality of polymeric cores, each of which includes a cor e pol ymer, that is ' 
coaxially disposed within the sheathing and is at least partially transoarenh l-o 

the same wavelenqth(s) of light a s the polymeric sheathi ng, and which h^... . 

refractive index of a second value at t h e central axis at that wavelength that 
exceeds the first value of the sheathing. The region of contact between the 
sheathinqs and the cores thus formed de fines a p l urality of interfaces, wi 
essentially all of the plurality of inte r faces being essentia lly free of visible 
bubbles. In other words, the invention e nables a la rge numbe r of p refo rms to be 
made, each of which is esse ntially free of visi ble bubbles along its entire~^^^ 
polymerized" length (e.g. with out cutti n g the preform after nolvmerization) . ^^^ 
In another embodiment, the i n vention involves an optical preform article. 
The preform includes a poly m eric sheat h ing, which includes a sheathing polvmer! 
that IS at least partially transparent to at least one wavelength of light and 
has a refractive Index of a first valu e at that wavelength. The preform also 
includes a polymeric core that is coaxi allv disposed within the sheathing and is 
at least partially transparent to the same wavelength (s) of lig ht as the 
polymeric sheathing, and which has a refractive index of a second value at the 
central axis of the core at that wave length that exceeds the first value of the 

sheathing. The polymeric core include s a core polymer and a core dopant having 

a refractive index which is greater than that of the core polymer. The core 
dopant is present in the polymeric core at a specified overall concentration. 
Furthermore, the second value of refr active index (i.e. of the central axis of 
the polymeric core) exceeds the first val ue (i.e. of the polym eric sheathinr^) by 
at least 0.01. with the specifie d overall core dopant concentration not 
exceeding 12 %wt. 

In another aspect, the inv ention involves a plastic optical article. The 
article comprises a polymeric sheathin g, which is at least partially transp arent 
to at least one wavelength of light and a polymeric core, coaxiallv disp osed 
within the sheathing, which is also at l east partially transparent to the same 
wavelength of light. The polymeric sheat hing includes a sheathing p olymer. anH 
the polymeric core include s a core polymer and a core dopant that has a 
refractive index greater than that of the core polvmer. The refractive i ndev of 
the central axis of the polymeric c ore has a value at the wavelength of light 
mentioned above that exceeds the refracti ve index of the polymeric sheath inn a^ 

the same wavelength by at least Q.Ql. Furthermore, the maximum service 

temperature of the article is at least 40 degrees C. preferably 45 degrees C. 
and mor e preferrablv 50 degrees C.^ ^^ 

1" vet another aspect, the invention provides a method for making a 

gradient plastic optical fiber. The meth od involves first forming a polymeric 
preform rod comprising a polymeric sheath ing and a polvm erl c core coax i a 11^ 
disposed within the sheathing hh at has a gradient in refractive index in a 
specified direction. The pre form is then hot-drawn at a rate of at least ^ 
m/min, preferably at least 4 m/min. and more preferably, at least 5 m/min. info 



a fiber. The fiber thus Drodnn^^H conducts least ont. wavelength of light wifh 
an atten uation less than 500 dB/km. ^^^ ■ 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 dopl ota a prcf cij,c a ^^^shgwg^^^^^ embodiment of a ^^^a^^^ ^radient 
index plastic optical ^m. tcrial produ c ible by the pr occo. uf^'yticle accordinr. 
to^ the invention-.-^^^^^^^ =_^=__a 

Figure 2 is a graph showing the relationship between the transmission 
loss (attenuation) and wavelength of light for ^ ^nr^ optical fiber . Th c^^'^ 
according to the invent i on r^^^ transmission loon waa mcn n urod uoing ^laiiaa ^ d ^'^^ 
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~^ tcchniquca an dcocribud herein. Tranomioalon ^^" loss at 650 nm was 
approximately 140 dB/km demonstrating that the optical fiber had a high level of 
transparency. ^ 

DETAILED DESCRIPTION OF THE INVENTION 

The features and other details of the invention will now be more 
particularly described and pointed out bolov^ t^cll ao ^^'in the 

/detailed description and example.^ h^lnw. ^^^^ understood that 

the particular embodiments of the invention are shown by way of illustration 
sni^ and are^ not intended to acf^"^^ as limitations of the invention. The 
principle features of this invention can be employed in various embodiments not 
specifically described h^^^in ^77,,,^^^,,^ departing from the spirit and ^ ^^.snon^ of 
the invention. ^ 

In one aspect, the invention provides a method for forming a 
|ea^ gradient index plastic optical material comprijin g^^'article includina 

the steps of: (a) forming a trannparcnt tube of nhcathing matGrial -bv^^''^ tube 
of polymeric sheathing material that is at le a st partially transparen t to li^t 
at at least one wavelength hy (i) placing into a polymerization container a 
sneathmg solution oomprising a ahcathing poliyTncrigablG monomor and a nhcaU i ln u 
dopant, wherein the jhcathing dopant has a refractive indc:: lower than that of 
^ PoJ-yPcr obtained by the pol^-mcrization of the nhcathing mon oi u ui^^ ^including 
at least one polymeri zable sheahhino monome r and a olasticizer and/or dopant ^^^- 
and (11) causing the sheathing monomer of the sheathing solution to polymerize 
withm the polymerization container to give an inner cylindrical conf igurali u n 
^" ^?89 °^ ^ trannparcnt nhcathing tube; and (b) forming a^ ^^ tranoparent 

foj^i" a polymeric sheathing tube at least partially transparent to light at 
at least one wavelength; and fh) forming a po l ymeric core coaxiallv disno^^H^^ 
within the polymeric sheathing tube produced in step (a) by: (i) filling the 
interior space of the sheathing tube with a core solution comprioing a 

including at least one^^^ polymerizable co^294^onomer which upon 
polymerization produces a polymeric c ore which ^'^hac a refractive index greater 
than that of the polymeric^ ^ sheathing tube; and (ii) allowing the core 
polymerizable monomer to polymeriz e thereby forming a politer having a 
refractive inde:i grcator than that of the nhcathing tube ouch that the material 

suitable L o cenduct llyhL. ^^«^^^ The core solution can comprinc an opLlunal 
core dopant. further include a core dnpan^ ^01 present, the core dopant 




will have, for most embodiments, a refractive index greater than that of the 
polymer obtained upon polvmerization of the core monomer (i.e. without addition 
of the dopant) . 
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will hQVG Q rcfrQGtivG index greater than that of the pol^yTuar obtained upon 
polymeriaation of the core monomer. 

"^hc product thuo obtained, io a graded index plaotic optical material 

having an outer tranoparent oheathing ^^^ 

In other aspects of the inv ention, the dopant included in the poly meric 
sheathing acts as a plasticizer. thus improving the mechanical properties of the 
polymeric sheathing. m other embodi ments, a olastizer which does not provide a 
desireable dopant effect but which yi elds desirable mechanical p ro perties may he 
used, or a dopant which d oes not act as a plasticizer may be used, or a 
combination of a dopant a nd a plasticizer may be used. In some preferred 
embodiments, the plasticiz er added to the sheathing further can act as a dop ant 
which raises or lowers the refractive index of the polymeric sheathing when 
compared to polymerized sheathing monomer not including the plasticizer. For 
embodiments inv olving conducting light within a rod or fiber fabricated 
according to the inventio n, preferrably the sheathing dopant lowers the 
refracti ve index of the polymeric sheathing . ^^^ ■ 

The terms "polymer ic sheathing" and "polymeric core" as used herein refer 
to the polymerized sheat hing and core solutions respectively, which include the 
polymerized sheathing a nd core monomers respectively (along with any agents 
involved with the polym erization reaction such as iniatiators, and chain 
transfer agents); plus, any added plasticizers and/or dopants, which do not 
participate in the poly merization reaction of the monomers. The terms 
"sheathing polymer" and " core polymer" as used herein, refer to the polymerized 
sheathing and core mono mers respectively (along with any agents involved with 
the polvmerization reactio n such as iniatiators, and chain transfer agents), " 
_except polymerized withou t any plasticizers and/or dopants, which do not 
participate in the polymerizatio n reaction of the monomers. "Sheathing polymer" 
and "core polymer" as use d herein, may include homopolvmers. copoly mers, 
mixtures of homopolymers , mixtures of copolymers, mixtures of homopoly mers and 
copolymers, and the like. A "dopant" as used herein, refers to any material or 
mixture of materials, whi ch does not participate in the polymerization reaction 
and which is not covale ntly incorporated into the polymeric structure, but which 
has at least limited mis cibility within the structure, so that when present, it 
alters the effective refractiv e index of the polymeric structure versus the 
refractive index of an eq uivalent polymer, but not containing the dopant, by at 
least Q.OQQl. A "plastic izer" as used herein, refers to any material or mixture 
of materials, which does not participate in the polymerization reaction and is 
not covalently incorporated into the polymeric structure, but which has at least 
limited miscibility within the structure, so that when present, it decreases the 
.glass transition temper ature of the polymeric structure versus that of an 
equivalent polymer, but n ot containing the plasticizer, by at least 1 % . It 
should also be understood th at "plasticizers" and "dopants" as used herein also 
can include unreacted monomer, or un reacted agents typically used in conjunction 
with a polymerization reac tion such as unreacted iniatiators, and unreacted 
chain transfer agents. Suitable dopa nts or plasticizers may be solids, liq uids, 
or gases at room temperature and pressure. 



The Phrase "transpa rent" or "at least partially transparent" as used 
herein, refers to the a bility transmit or conduct a finite quantity of light 
energy (greater than zero ) of at least one wavelength, over a finite, non-zero, 
distance. The term "coaxi allv" or "coaxial" as used herein to describe the 
structure of certain opt ical articles according to the invention, refers to an 
elongated cylindrical co re having a central longitudinal axis, which is 
concentrically surrounded by, and in at least partial physical contact with, an 
outer annular sheathing, which shares the central longitudinal axis with the 
core, and is phvsical lv and/or chemically distinct from the core. The region of 
contact betwee n the core and the sheathing is herein referred to as an 
"interface. " -^^^ 

Preferre d products obtained by the methods of the invention include 
gradient ^^^^^ plasti c optical articles having an outer transparent polymeric 
sheathing layer and an inner transparent polymeric core. The refractive 
index of the core is greater than that of the sheathing such that the 
material article is suitable to conduct light, with the refractive index of 

the core gradually dccrcQoing in a radial direction from the center of the 
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QQ^ro having a gradie nt in a specific direction. The term "refractive index" as 
used herein, re fers specifically to the refractive index of the material at the 
wavelength, or wavelengths, of light being transmitted. When there may exist 
more than one index of refraction at a given wavelength within a material 
depend ing on the spatial location within the material where the index is 
measur ed, unless a specific spatial location is specified, the term "index of 
refrac tion" refers to the maximum index of refraction within the material. The 
phrase "gradient in a specific direction" as used herein, refers to a continuous 
change in a property in a radial direction either from the central axis" ^^^ to 
the pcriphcry. In goncral, the material io" ^^ periphery or vice versa. For 
preferred optical articles according to the invention, the core has a gradient 
in ref ractive index such that the refractive index is highest at the central 
axis of the core and decreases in the direction of the interface between the 
core and shea thing. However in other specific embodiments, the gradient may be 
in the opposite direction. In general, the articles are initially produced ^^^ in 
the shape of a preform rod, as shown in Figure 1, where the transparent 
sheathing is depicted as component 1 and the core is depicted as component 2. 
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Preferably, the preform rod has a circular cylindrical shape. The method aloo 
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providco The methods of the present invention also provide for forming a 

graded gradient index plastic optical fiber . Thio comprioco formation of a 
graded index plaotic optical material, for c3camplG, ao dcacribcd above, in the 
ohapc of a preform rod followed by hot - drawing of the prcform ^^ , preferrablv 
with a n outer diameter not more than 1 millimeter and with the same general 
cylindrical sh ape of the preform but with a smaller diameter. To form an optical 
fiber f rom a preform rod, the preform can be subjected to hot-drawing^ ^"* at a 
temperature and speed suitable to render the fiber useful as an optical 
conductor . The novel addition of a plasticizer to the polymeric sheathing 
according to one aspect of the invention, provides improved mechanical 
properties of the preform article which enable faster hot-drawing speeds than 
previously attainable. For example, preforms, according to the invention, may 
be formed into an optical fiber able to conduct light at at least one wavelength 
with an attenuat ion less than 500 dB/km, and preferrablv less than 200 dB/km, by 
hot drawing at a drawing speed of at least 3 m/min, preferrablv at least 4 
m/min, more preferrab lv at least 5 m/min, and even more preferrably at least 6 



m/min. Alternatively, instead of form ation of the optical fiber by hot drawing. 
the fib er may be produced by extrusion. "^^^ 

The term "preform rod" as used herein^^-^^^^ . refers to a ^^^ rod shaped 
form of the gradcd^ ^^ Vadient ^^^ index plastic optical" ^tGriQl ^^^ article^ ^^ that 

subsequently be produocd Qccording to the method of the 
P^^^^^t invention. In gGncraly the rod can be furthcr ^^^ processed into an 
optical conductor such as an optical fiber, an optical waveguide^^-^^ or an 
optical integrated circuit.' For example, after the preform rod io producod, it 
can be removed from the poliyTncrization Gontainor and formed into q ^^^ 
plaotio optical fibor. Thio can be aGcompli ohcd, for example, by hot drav^ing of 
the preform. Other known fiber producing tGchniquco, for example, cxtruaion can 
aloo be Gmploycd.^ ^^ 

The polymerization container used in the method of the-3^^^^ invention 
can be composed of any material which is inert to 
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the sheathing solution, for example, glass. The container shape and 
dimensions will determine the outer shape of the gradcd^ '^^ qradient ^'^^ index 
P^l^ti^^^optical material preform article '^'^^ ultimately obtained in the praetice 
e# b^^ the method. -^^"^^^Jhe^"^^ sheathing tube ir&^'^^ can be ^'^^produced^^^^_^^^^ 
using the well known technique of rotation casting, by placing a sheathing 
solution in the polymerization container and causing the solution to polymerize 
within the container to give an inner ^^^ while the container is rotated to yield 
an annular cylindrical oonf iquration.^ ^hape . Thus, the polvmeri 7.at i nn 
container can be any shape which when rotated about its own axis creates a 
sheathing tube with an inner -^^^ annular^ ^^ cylindrical configuration . "^^^ shape 
The preferred shape of the container is cylindrical i ^.^^ a circular cylinder "^^^ 

rf 1 = 

preferably with dimensions that can achieve a preform rod suitable for hot- 
drawing into an optical fiber- 

The oheathing of the graded index optical material io the outer layer of 

the material. The ohcathing io prepared uoing the v^oll known technique of 
rotation caoting, by placing into a polymerization container a oheathing 
oolution comprioing a ohcathing polymcrizablc monomer and a ^^ 
oheathing dopant and cauaing the oheathing pol^TOorizablc monomer of the 
aheathing oolution to pol^Tuerize within the container in a cylindrical 
configuration. The ohcathing dopant doco not participate in the pol^yTneriaation 
reaction. Pol^yTnerization of the monomer into a cylindrical '^^^ conf iguration can be 
acGompliohcd by, for example, rotating the polymerization container about ito 
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ovm aKio^ during polymerization. , for example, with an inner diameter between 

0.25 and 2 inches. The centrifugal force resulting from the rotation of the 
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polymerization container will cause the resulting polymer to form a tube of 
sheathing material or a sheathing tube within the polymerization container. 
Rotation can be accomplished, for example, by spinning the container. 

Alternatively, the oheathing can aloo be prepared by extrusion of the 
doped ohcathing pol^yTner into tubular ohapco uoing extruoion mcthodo which arc 
violl kno^m to ^^^ 

thooe of okill in the art. The outer and inner ahape of ^^^ 
^37. 



iul "^ "'-^ ^ " ^ "iJ-l t li ^ tatGd by the ^hgpc of L ho c Abruoion dvc. 

The G;itrudcd ohaathing >. .i. U then o li. o ao the GonLainor into ^hloh the core 
oolutiGn^will be added and nlln ucd to ^ u l. i u ^i i.c.^ ^ The amount of sheathing- 
l£rffiiSa solution placed in the polymerization container can be determined 
based upon the ratio of the thickness of the sheathing wall to the distance 
between the opposing interior walls of the sheathing^^^'* which is desired. This 
ratio will depend upon the cost of materials and the end use of the optical 
matcriar article^^^ . 

^ ■Alternatively, the sheathino can also hf^ prepared b y extrn.si on of ths 
sheathing polymer, together with any additive s such as plast ic j zsr.^^^^ 
dopants, into tubular shapes n.s ina extrn.si on methods which ar^ well known to ^^^ 
those of skill in the art. The ou ter and inn er shape of t he sheathing nsin^ 
this method will be dictated hv the shape of t he extrusion dve. '^*^ Th e extruded 
sheathing will then serve as the container in t o which the core-for ming solution 
will be added and allowed to polymerize ." ^^^ 

'^'^^80°'''^^^^^^^'^® sheathing monomer can be any monomer or mixture of 
monomers which upon polymerization yields substantially amorphous and 
transparent polymeric materials. Preferably, the polymeric materials of the 
sheathing are at least partially soluble in the monomer present in the core- 
fomim solution and exhibit a suitable miscibility with the sheathing dopant 
and/or plastic! s^er '''^. 

Polyraeri^zable monomers suitable for use in this invention include, but are 
not limited =3g^to^^^for example, methacrylate monomers such as branched and 
unbranched Ci ^ CIO alkyl methacrylates, for example, methyl methacrylate, 
ethyl methacrylate, n-propyl methacrylate, n-butyl methacrylate, n-hexyl 
methacrylate, isopropyl methacrylate, isobutyl methacrylate, tert-butyl 
methacrylate; halogenated methacrylates, such as 2, 2, 2-trif luoroethyl 
methacrylate; 4 -methyl^ cyclohexyl methacrylate, cyclohexyl methacrylate, 
furfuryl methacrylate- ^ 1-phenylethyl methacrylate, 2-phenylethyl methacrylate, 
1- phenyl cyclohexyl methacrylate, benzyl methacrylate and phenyl methacrylate; 
acrylate monomers such as, methyl acrylate, ethyl acrylate, n-butyl acrylate, 
benzyl acrylate, 2-chloroethyl acrylate, methyl-a-chloro acrylate, 2,2,3,3- 
tetrafluoropropyl-a-fluoro acrylate , and 2, 2, 2-^**trif luoroethyl acrylate; 

acrylonitrile and a- methylacrylonitrile; vinyl monomersj^ such asr-^''' vinyl 
acetate, - ' 
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^^"^93 benzoate,^^vinyl phenylacetate, vinyl chloroacetate; styrene 
monomers^ such as^ styrene, halogenated styrenes, for example, o- 
chlorosytrene, p-f luorostyrene, o, pdif luorootyrcnc ^^ Vdif luorostvrene ^'^. and p- 
isopropyl styrene; ^^^gn^ perf luorinated monomoro ouch aa 2,2 

bio(trifluoromcthyl) 1,5 - difluoro l,3dioi:olc aloo knovm a a^ ^^ monomers ^ur.h ps 
those disclosed in European Patf^nt Applica t ion EP 0710 855 hiT^n incorp oratAH 
by reference. Such monomers in c lude, but are not limited to^ ^ parf 1 noro f ? . ?- 
dimethyl-l,3-dioxole) (PDD), perf luoro (a llyl vinvl ether), oerf 1 uoro (buteny l yl 
vinyl ether) and any combination of monomers thereof. When a combination of 
monomers is employed polymerization will result in formation of a copolymer. 

A sheathing plastic! 7.er or""' dopant suitable for use in the methods 
of the invention is one which does not participate in the chemical '^reaction 



doiant''wlrh^!r '"^non^er. A cuitablc ^^^B^efm^^'^ sheathing 

dopant will have a refractive index which is lower than that of the sheathing 

polymer^obtained upon polymerization of t h o ahcathing m onomer of the ahoathin y 
sheathing monomer in ^ manner es.^Pn tially id^ni- ical to th^t employed 
Li°rr except withou t the nr....n.o ^k!".!;^ !:^'^^- 

In other words, the sheathing don.n^ i s selected ..n that the nm^nn^.i. ohL .k ..^ 
containino the_^eathina dopant will h... . i pwer ref....i.. TnT /VuL Tr. ^ 
equivalent polyme ric sheathing exceni- ^K.„t the she.i-hin. dopant hv "^ 
0.0001, and preferrably by at least O.OOOS. ^'hn addition, the sheathing dopant 
Z ^''"^y - ^l^ ^-- L h . should not vjndnlv redn.e ^h. h..... ^.409 

of the pol:,Tuor polymeric sheathing"" obtained upon polymerization of the 
sheathing monomer, solution /^^e level of transparency is inversely related 
to the transmission loss^ii^^^gnMiionl^'''of a ^^e^"' Vadient "'^ index 
plastic optical conductor i«"''^'"8 the operating wavelength of the conductor, 
and can be assessed using techniques welI^"'\nown to those of skill in the art. 
For example, a gradient"'' index plastic optical fiber which has a 

transmission iee* l^se value of 110 dB/km at an operating wavelength of 650 
nm, possesses an adequate level of transparency as an optical conductor. 
However, a loss of more than 500 dB/km would not be an acceptable level of 
transparency.^ Therefore, a g^aded"'"qradient"'^ index optical matcrial^'^rticle"^^ 
IS suitably transparent when an optical conductor, prepared from thematorial"'^ 
^%^434' ^ transmission i^"^^ Iq^^^^ , also known as the attenuation, 

operating wavelength of the conductor less than 500 dB/km. Figure 
2 depicts the transmission loss of an optical fiber prepared using the method of 
the invention as described herein in Example 1. The loss was measured using 
methods known in the art such as those described in "Test Method for Attenuation 
of All Plastic Multimode Optical^ ^^ optical "^^ Fibers JIS C 6863- ( 1990) , " Japanese 
Industrial Standard by the Japanese Standards Association^''^^ herein 
incorporated by reference. Figure 2 shows a transmission loss of 140 dB/km at 
a wavelength of 650 nm. T h is tranamijai u n . long provid e :, u" ^^ 
fiber v^ith a auitablc level of tranjpai u u L- y ." "° 

One useful criterion, for predicting whether or not the sheathing will be 
sufficiently transparent, is predicated on the Flory-Huggins interaction 
parameter^ That is, ^'^2M''' can be used as a guide to the 

likelihood degree of miscibility between substances A and B, which in this 
case would be sheathing polymer and sheathing plasticizer ^nd/n. ^^Hr.r..r.^ The 
blend miscibility can be. assumed to decrease with increasing values of •'AB 
This parameter can be determined experimentally or approximated according to the 
rollowmg equation: 

g 449 450 . 

^ Where d , is the solubility parameter which is a thermodynamic quantity 
generally defined as the square root of the cohesive energy density. Thc"^' 
iihe cohesive energy density is obtained by dividing the molar evaporation 
energy, ^ . of a liquid by a molar volume, V.^^V^** Vref is an appropriate 

reference vol^e^''' is the ideal "^^oas constant and T is the 
temperature^ in degrees K. A detailed discussion of the Flory-Huggins 
interaction parameter can be found in CRC Handbook of Polymer-Liquid Interaction 
Parameters and Solubility-"" Parameters, by A.F.M. Barton, 1900 1990 
herein incorporated by reference. Florv-Huaai ns interaction parameters h^T^ 



about 0.5 generally indicate that a do pant or plasticizer may have suitable 
miscibility for use in the inventinn. ^^Hnwo..o^ m.o ^^ r.^.Ju..^^, ^„ irit-rn"tinn 
parameter should be used only ^as a guide to the selection of an appropriate 
dopant or plasticizer"^^, but not as a limitation, since the concentration of the 
plasticizer or^^ dopant is also-aft"*^^ important criterion to Gonoidcr in 
maintaining, q in determinino the transparency of the polymeric "*^^ sheathing and 
core- with an acGcptablc tranopa ^eftey'^'^^ 

Some examples of preferred " ^^^sheathl na dopants suitable for use in the 
invention include, but are not limited to, diisobutyl 
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adipate, glycerol-triacetate, 2, 2, 4-trimethyl- 1, S-'^^Ventanediol 
diisobutyrate, methyl laurate, dimethyl sebatate, isopropyl myristate, diethyl 
succinate, diethyl phthalate, tributyl phosphate, dicyclohexyl phthalate, 
dibutyl sebatate, diisooctyl phthalate, dicapryl phthalate, diisodecyl 
phthalate, butyl, octyl phthalate, dicapryl adipate, perf luorinated aromatics, 
for example perfluoro naphthalene, perf luorinated ethers and perf luorinated 
polyethers. Typically '^^^ PreferablY ^^^, the sheathing dopant is present in the 
sheathing at e an overall concentration of between about 1 and about 35 
weight percent based on t he total weight ^ ^^of the monomer of thc'^^ ^polymeric '^^^ 
sheathing oolution" ^^^, more tvpically' ^ ^ref erably" ^^ between about 1 and about 20 
weight percent^ and most tvTDioally' ^ %ref erably" ^^^ between about 1 and about 15 
weight percent. In general, ^^^^ preferred ^^^ sheathing de^a^^^ dopants ^^^ can 

al^ impart plasticizer-like qualities and/or hydrophobic properties upon the 
graded indoK plaotic optical material ." ^^ ^o the poly meri c sheathing. ^"^^ The 
presence of plasticizer-like qualities and/or hydrophobic properties in the 
graded indc]L plaotic optical material of '^ ^olymeric sheathing of "^^th^ invention 
IS advantageous. That is, plasticizer-like qualities allow the 

g^a^ed gradient index plastic optical matcrial '' ^article ^^ to be hot-drawn at 
a lower temperature and a higher speed, which rcGulto ^^^ and also can resnlt ^^^ in 
a fiber with an acQoptablc ^^^^^lgweg^^ level of attenuation or transmission loss 



compared to prior art fibers and methods ^^^ Hydrophobic properties provide for 

an optical matcrial ^^ article ^^^ with enha: 

1 508 ^ == 
exampleT- decreased moisture absorbency 



Any method of pol^rnieriaation can be used in the method of the invention 
for forming the graded It should be emphasized that, in some embodiments, a 
plasticizer can be used to impart the desirable physical properties above that 
does not impart desired refractive index changes to the polymer. Such a 
plasticizer may advantag eously be used alone when changes in refractive index 
are not needed or desired, or, in other embodiments, such plasticizers may be 
used together with a separate dopant. Any suitable plasticizer known in the arf 
useful for plasticizino the polymers formed from the polymerizable monomers 
previously listed may poten tially be employed in the present invention. 

Suitable methods of polymerization for forming the gradient ^" index 
plastic optical material. Theoc mct hede^^^article ac cording to the invention ^^^ 
include, for example, free radical polymerization, atom transfer radical 
polymerization, anionic polymerization and cationic polymerization. Free 
radical bulk polymerization, employing either thermal or optical energy, is 
preferred. 



When radical polymerization is employed, the sheathing solution also 
includes a radical polymerization initiator 

- -514 , . 515 

^ 516 transfer agent- which participate in the polymerization 

reaction. Suitable radical polymerization initiators are selected based on 
the type of energy employed in the polymerization reaction. For example, when 
heat or infrared pol^rmGrigation ^^^ energy ^^^ is employed^^^^peroxides such as 
lauryl peroxide, benzoyl peroxide, tbutyl ^^^t-butvl^^^ peroxide and 2, 5-dimethyl- 
2,5-di (2-ethyl hexanoyl peroxy) hexane (TBEC) are suitable for use. When 
ultraviolet pol^yrmcriaQtion light eneray ^^"^ is employed benzoin methyl ether 
(BME) or benzoyl peroxide is suitable for use. Typically, the polymerization 
initiator is present in the sheathing solution in a range of between about 0.1 
to about 0.5 percent by weight of the monomcr ^^'^. 

Any chain Chain transfer agent io ^^^ aqents ^^^ suitable for use in the 

529 " 

method of the invention . Thcoc include, but are not limited to, 1-butanethiol 
and 1-dodecanethiol. Typically, the chain transfer agent ^^^**in^^^ present in 
the sheathing solution below about 0.5 percent by weight of the monomer ^^^. 

As described earlier, the polymerization container is rotated during 

polymerization of the monomer of the sheathing solution. This rotation, for 
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example-^^^ spxnnmg, provideo will yield a transparent sheathing tube having 

an inner annular cylindrical configuration. The interior space of this 

sheathing tube thereby provides a suitable container for polymerization of the 

core monomer in a subsequent step of the claimed ^^^ inventive ^^^ method. 

The core of the qradcd ^'^ ^gradient ^'^^ index plastic optical 
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material article is the inner layer of the material which is disposed within 

the sheathing. The core is transparent and ultimately providco ^'^^is^'^^ the 
component of the matcrial ^'^ ^article ^'^^ through which most of the ^"^^liaht travels. 
Jj^^^efractive index of the central axis of the pol-j^^eric ^"^^core is preferably 

greater than that of the ohcathing ouch the material io ouitablc to conduct 
• ^^g^t . of the sheathi ng, and more preferably, the index of refraction 
throughout the bulk of t he core is greater than that of the polymeric sheathing. 

The core can be prepared by filling the sheathing tube with a core 
solution^ 1 which compriGco a core polymcrizable 35 monomer and an 
optional include s a polvmerizable core monomer and, optionally, a ^^^ core 
dopantl / and polymerizing the 
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core monomer. core monomer in the solution. The core 

polinnaerizablc polymer izable core ^ ^ monomer can be any monomer or mixture of 
562 ^ , 7 

monomers which upon polymerization yields substantially amorphous and 
transparent polymeric materials capable of conducting light ift^'^"^at^^ the desired 
wavelength. In addition, the core pol^nnerigable monomer, upon 
pol^Tticrigation, polymeri c core, once formed, preferably ^^ has a refractive 
^^^^^ ^t^^its central axis greater than that of the sheathing such that the 
material final optical article^^^ is suitable to conduct light. All of the 
monomers which are suitable for use in preparing the sheathing are, likewise, 
suitable for use in preparing th ccorc. A combination of monomoro can gloo be 




uacd in preparation of the core thereby providing q aorc Gomprioing a 
Gopolymcr. core . 

AO dQDQribcd earlier, any ^ method of polymerization io ouitablc for 
uoc in the method of the invention. Whcn ^^' ^previouslY described as suitable for 
formation of the polymeric sheathing is also suitable for formation of the 
polymeric core. When radical polymerization is employed in preparation of the 
core- a polymerization initiator and chain transfer aaent ^'^h present in the 
core solution in rangcci ^^ Vith a concentration ^^^ similar to thooe^^^hat^^^ 
described earlier for the sheathing oolution. Tiy^ically, the chain~E^nof c -^- 
agent io^preocnt bclovf about 0.5 percent by v/cight of the ^^V^^ 



monomer. 
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An optional core dopant suitable for use in the method of the 



invention is one which does not participate in the chemical ^^^reartinn which 
polymerizes the core monomer and which preferably ^^^has a boiling point lower 
than the highest processing temperature to which it is subjected. A suitable 
core dopant will preferably ^%ave a refractive index which is greater than that 

r^-F ^^^^ ^91 — ^ , ... - . 592 ^ 593 

Hfte of a core n 
)ref erred ^^^ core dte 

the transparency c 

pollyTtier obtained upon polymerization of ^^^fefee^^^ polvmeric ^^^ core monomcr^^. As in 



of the core polymer obtained upon polymerization of thc ^^^ of a^ ^^ core monomer 
solution without the^core dopant^^^. In addition, %^^^^^ pref erred ^^^ core dopant 
HHist dopants should not comp r omi q c ^ ^unduly r educe ^^ the transparency of the 
pollyTtier obtained upon polymerization of ^^^fefee polvmeric ^^^ core monomcr^^. As in 
the preparation of the sheathing, one useful criterion for predicting whether or 
not the core will be sufficiently ^^^transpar^ni- is predicated on the Flory- 
Huggins interaction parameter- ^ between the core polymer and the core dopant . 
However, as discussed earlier this parameter should be used only as a guide not 
a limitation when 

Choosing a suitable core dopant, since the concentration of the dopant 
^Iso needs to be conoidercd '^ ^af f ects the polymeric core transparency ^^^. 

Compounds suitable for use as the core dopant in the method of the 
invention include, but are not limited to, dibenzyl ether, phenoxy toluene, 1,1- 
bis-(3,4-dimethyl phenyl) ethane, diphenyl ether, biphenyl, diphenyl sulfide, 
diphenylme thane, benzyl phthalate-n-butyl, l-methoxyphenyl-^"l-phenylethane, 
benzyl benzoate, bromobenzene, odiGhlorobcngcnc ^^^ o--dichlorobenzene ^^^. m- 
dichlorobenzene, 1, 2-dibromomethane, 3-^^Vhenyl-l-^^^i^^^-propanol, dioctyl 
phthalate and perf luorinated aromatics, such as, perfluoro naphthalene. 

When the core solution, which oomprioeo ^^'^ includes ^^^ the core monomer and 
an optional core dopant, is added to the sheathing tube, the inner surface of 
the sheathing tube- is slightly swollen by the core monomer. Ao a reoult^^^ 
During the polvmeri z;^t i on , a gel phase is formed eft^^^ in the polymerizing core 
^^1^. ^^^^ the inner wall of the sheathing tube. The concentration of the 

pol^yTner in the owollen phaae layer ia not uniform, in that the concentration of 
the pol^THcr and ohcathing dopant, clutcd from the ohcathing, qradually ^^'* which 
gradually moves toward the central axis as the polymerization process 
progresses. Since the diff usivity of the core dopant is higher in the 
unpolymerized core solution than in the a el phase or the poly m erized regions of 
the core, there is a net migration of core dopant towards the central axis of 
the core during the polymerization, so that when polymerization is complete. 
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there is a concentration arariignt of corP dopant in the dirflri-ion from tha 
central axis (highest concentration^ towa r ds the interface wil-h the sheathinn 
(lowest concentration)T In contrast, the she;.th ina do pant, some of which ran 
elute from the sheathing and diffuse into t he core during polvmprjzation. will 
have a concentration within th^ polvmerj 7^ ed core which is hinh^st at the core- 
sheathinq^interface and which nr^riu^^^y "^h^^v^.o^. .....k ^.^J^^-- frnm thr i,.ni,j. 

^f*^^ interface towards the central axis of the core. Thus, a diotributcd 

concentration gradient of the low refractive index sheathing ^^°don;,nt is 
formed in the gel phase^during polvmeri ^pti nn<^^^ due to diffusion of sheathing 
dopant . Dol^TOGrigatioii from the polvmeric she athing. The polymerization front 
in the core starts from the vicinity of the inner surface of the sheathing 
(interface between sheathing and corM <^34^nH gradually ^^ewg^^W^ ^moves 
towards the center axis of the ^^^^^^core*^^^ due ^^° a phenomena ^^f^ 
accelerated polymerization in the gel «*ate4^^^asi^^ commonly known as the 
"gel-effect" (^ For additional details, spp^^ fr,r example, Koike, Y. et al., 
" HighDandwidth High-Bandwidth*^^ r,r^H»H-TnH^v p^i^^^^ Optical Fibery'^''"^*^' 
Journal of Lightwave Technology, i^^^^gM^^^): 1475-1489 (1995) and Koike, Y. et 
al., "New Interfacial-Gel Copolymerization Technique for Steric GRIN Polymer 
Optical Waveguide and Lens Arrays-r"^"^^^^ Applied e^fe^eg^^ Wics* ^^^. 27 (3): 486- 
491 (1988)^^^both incorp orated herein by ref erence ^^^K 

As discussed- above, whpn a core dopant , having a higher refractive 
index than the eguivalent polymeri zed core monomer but without the core 

present, a concentration gradient of the core dopant, uhich rcmaina 

i« within the mkmMicJ%orep^iymeJ^\ is^aiee^" formed. As described in 
U.S. Patent No. 

^665 

5, 541,247 by Koike, incorporated herei n bv reference . ^^^tht. core monomer 
polymerizes while the substance with a greater refractive index (core dopants 

becomes highly concentrated afe^^ °towards ^^' the eeftfee^^^^ central axis ^^^ of the 
core. The high concentration of the core dopant which is present at the central 
part of the core gradually decreases in a radial direction toward the periphery, 
thereby, creating a gradient in a opcoifio dirGOtion.^ ^'' core dopant concentration 
in a specific direction which creat es a corresponding gradient in refractive 
index within the core. Notably, the specific direction of the concentration 
gradient of core dopant within the polymeric core will be opposite that of the 
concentration gradient of th e sheathing do pant within the core. ^^^ 

In a pertain embodiment, the ' In certain embodiments, the 

polymerizable monomer of the sheathing solution and the polvmerizable 

monomer of the core solution, are the same . Suitablc ^^ ^ In such cases, suitable ^^" 
monomers include those which form polymers that are substantially amorphous and 
transparent, thereby being capable of conducting light ifi*^*'at***^ the desired 
wavelength, as earlier described. -whea^^^^^^faen^*^ the sheathing and core monomers 
are the same, and a core dopant is present, the sheathing dopants ^^^and core 
dopants will be different. That is, the sheathing dopant will have a refractive 
index which is less than^that of the polymer obtained upon an eguivalent 

polymerization of fefee "^^"^ sheathing monomer solution without the shpathinn 
^°P^"t, while the core dopant will have a refractive index which is greater 
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691^?^*" °^ Polynier obtained upon an^gui^ient^^olyinerization of 
^ "^^^^ inonomer^4iewe^ solution withont. i-h^ core dnp;,nt. Pref erablv ^^^ 

the difference in refractive index between the sheathing dopant- and core dopant 
should have a value which renders the optical «te%e«:aj:^'^ ^article <'^'^ suitable to 
conduct light at at least- nn^ wavelength w ith an att^^nuation Ip.^.-. than 500 




^ ' xiivcuLxon p r oviaes plastic optical 

articles which require a lower overall concen t ration of r.o re dopan t t ^^bt^ 
comparable bandwidth capabili ti ^.s w hen c ompared to similar prior art on tical 
articles. The ability to use a lower ov^r^ ll core rio nant c oncentration proviri^^ 
many advantages in the optical ^nd physical p rooertie.s o f the arl-ir l^.c, 
discussed below. As an^ example, if a desired di fference in the refract i nH>.v 
between the central axis of thf^ mre and ths s heathing is O.QOi. th is could he 
achieved according to the present invention, fo r example, h y emolovinc. 
dopant which raises the refrar^tiye index th e polvmeri n core bv 0. 0005 and a 

! !!!:^^"^„'^"P^"^ r^^""? ^""^^^ refractive index o f the poI vmerl TEiKTna hy 

0.0005. The use of a low refractive index s h eath in g dopan t accord ing to the 
invention enables the fabrication of plastic optical arti c les having 
unprecedented difference in the r efr ac tive i ndices of th e central axTT ^of the 
core and the sheathing. For example, accor d ing to the inv entive m ethods, n.^ino 

°^ dopants, a plast ic op tical preform can be fah^feTZ^ 
with the difference in the refractive indic e s between t he ce ntral axis of the 

core and the sheathing beina ^. least 0.0 1 with an overall core dopant 

concen tration not exceeding 12 %wt.^ ^ 

OKomplc, 0.001 and Lc Qchicvcd by, for example, employing a core dopant v^ith a 
rGfractivc indcjc greater than that of the core poli^Tncr by 0.0005 and □ chcathin g 
dopant with q rcfroctivG indent lean than of the oheathing polymer by 0.0005. ^°° 
Thus, the method of the invention emplovino sheathing riop ;.ntc: ''^^^^^ advantages 
over a method employing a dopant-free sheathing, in that for example. '^"^ a 
^l^tt^"" °^ materials which can employed as dopants is available, based 

on the additive effect of the core and sheathing dopant as opposed to the 

singular effect of core dopant alone ^°^ Additionally, a lower 
concentration of 
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core dopant or no dopant at all can be used in the core and otill 
nchiove a comparable JlffcrGnoe in rofraotive inJ e A . ^" Wle still achieving . 

suitable difference in. refractive indices. A reduction in the reg.TTT^ 

concentration of core dopant can, for example, in crease the transparency of th^ 

article and reduce attenuation w hen compared to an egni valent art icle excent 

having a sheathing without the sheath ing do p ant, such article thus reaniring . 
higher overall concentration of core dopant to create the same differe^TTir " 

refractive index between the central axis of the c ore and the sheathing. 

Equivalent as usedh^ein in this context imn l ies that an materials anH 
polYHienzation conditions are the same for the ar t icles being compared evn ept 



for the presence of a dopant, or plastir.i 7 er . The reduction in core dopant 
concentration enabled bv the present inventi on can als o alJ ow for an inc reased 
maximum service temperature f or the article, since lower core dopant 
concentrations will typically correlate w ith higher glass tran.c^i i-i on 
temperatures for the polymeric cores. For ex ample, the present invention can 

provide a plastic optical article compris ing a polvmeric sheat hing and a 

POlvmeric core where the refractive index at the cen tral axis of the cor e 
exceeds that of the sheathing (for the s ame wavelength) bv at least Q.Ql while 
the article has a maximum service temperature of at least 40 degrees C. 

In a specific embodiment^ the monomQr of ^' °preferred embodiment, i-h^ 
monomer that is Dolymerized to form^" the core and the sheathing is methyl 
methacrylate. In thio embodiment, ^ 

v>hen a core dopant ia prcocnt, the ohcothing and core dopanta arc diffcx ciiL 
Dubotancca. The difference in the refractive indcK bctwcQn the dopanta muat b u 
□UGh that the optical material in nnii--.hin ^n nnr,^^,1r.^- 1 1 ght Additi o nally, L l iu 
rofractivG index of the core dopant ia ^''^ 

greater than that of the aheathing dopant. For cjcample; the dopant for the 
aheathinq can be tributvl ohonphntn f i-nf i-m-n Tm -;r.r^^„ - i , , .hiic the dopai iL 

for the eoro can be diphcnyl nnifiHn (r-^-Fr-ir.tir„rc; indc:c - 1.6327). ^^'* 
In another embodiment/ the monomer of the core and Lh J'^ ahcathing ia 2,2 
bia(trifluoromcthyl) -(1,5 difluoro l,3dioxole aloo known ^ "^another orefer-r^H 
embodiment, the monomer that is polymeriz ed to form the core and the sheathing 
is a perfluorinated monomer ^snch'" as perf luoro <2 . 2-dimethv1 -a-^^'"!. S^'^^-di^^P^ 
<PDD). In thio embodiment these emb odiments ^^', when a core dopant is present, 
the sheathing and core dopanta arc plasticizer and/or dopant and core Ho nant- 
are preferably different substancesT-^wa^^^"*. For embodiments where rh^ 



sheathing includes a sheathing riopanh.^^^ the difference in the refractive index 

between the dopanto dopants should be ^^^ such that the optical 
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material article is suitable to conduct light . Additionally, the refractiv e 

index of the core dopant ia greater than that of the ahcathing dopant. 

In yet another embodiment, the method of tho Invention further compriaco 
the atep of hot - drawing the graded, indcx ^^' 

optical preform into a fiber. T^t-picallyy hot drawing io conducted at a 
temperature auitable to aufficicntly ooften tho preform rod to allow it to b e 
dravm into a fiber. The drav^ing ia generally conducted at a gpeed auitablc to 
render the fiber uocful aa an optical oonductor . ^^^ 

; I" yet a nother agpcct, tho invention providoo g graded indc3i plaotic 
optieal material oomprioing! (a) a transparent aheathing compriaing a oheathing 
polL>Tncr and a ahcathing dopant, wherein the ahoathing dopant hao a refractive 
indoii which io leap than that of the aheathing ^^^ 
poli^Tner; and (b) a tranoparont core, diopoacd within thc ^^'' 



ahoathing; compriaing a core poljTner having a refractive index greater than that 
of the ahcathing and an optional oorc dopant> the oorc dopant, when prcocnt/ 
hayi ng a rofraGtivc index which io greater than that of the coic ^^^ 
polimicrj wherein the core dopant haa a concentration gradient in a apeoific 
direction. The refractive index of the core io greater than the doped 
ahcathing. 

I" Q preferred embodiment, the graded indcit plaotic optical material ia in 
the ahapc of a cylindrical preform '^'^^ 
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rod. In another application, the graded indcji plaatic optical material ia in the 
ohapc of g cylindrioal fiber having an outer diamotcr bctvfOGn about 0.2 
millimetQro and about 1 millimctor. The fiber oan be prepared, for cKamplc, by 
hot - dravdng a proform rod/ the fibor ^^^ 

maintaining the aamo geometry of the proform but, with a amaller outer 
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diameter. 

Gcrtain embodiments, the graded indcK plaotic optiaal rnQtcrial haa the 
oomc pol^Tuer in both the ohcathing and the core. In thio particular embodiment, 
when the 

optional core dopant io prcoent, the core dopant and the phcathing dopant ai c 
different oubotanceo. The oheathing dopant hao a refractive indei: which io Icoo 
than that of the core dopant. The difference in refractive index bcti^ccn the 
dopanto should be auch that requiting optica I '^'^^ mat or ial io ouitable to condu cL 
light. For example, the material ohould be uocful ao an optical conductor. For 
example, when the pol:yTner of the core and oheathing ia '^'^^ at the desired 
wavelength. Additionally, for such embodiments, the refractive index of the 
core dopant is preferably g reater than that of the sheath ing dopant. For 
example, when the core p olvmer and sheathing polvmer are ^"^ poly (methyl 
methacrylate), the dopant for the ^^^shP^f-h^nry Hnpn^^ nnT 746^^747 tributyl 
phosphate (refractive index = 1.424) aftd^'^^ while ^'^^ the ^e^^^^dopant can^^^^o^an^ 
for the core could be diphenyl sulfide (refractive index = 1.6327). Whan the 
poll^Tncr of the core and oheathing io, for CKamplc, that obtained upon 
poll^nnaerisation of the monomer 2, 2bio ( trif luoromethyl) l,5 difluoro 1,3 dioxole, 
the oheathing dopant and core dopant arc different PubatanGca/ ^^ 
v/ith the difference in the refractive indcic betv^cen thc ^^"^ 
755 

dopanto ouch that the optical material ia ouitablc to conduct light. In 
addition, the rcfraetivc indc:: of the core dopant io higher than the oheathing 
dopant v/ith both dopanto being ^ ^ther preferred embodiments where the sheathing 
and the core include the same po lymerized monomer, for example a perf luorinated 
monomer, utilize different s heathing and core dopants where both dopants are ^^^ 
perhalogenated^ 

The advantagcu ^^^ A signifi cant advantage "^^^ of the mefeW^^ methods ^^' of the 

invention include the availability of a significantly broader range of dopant 
and monomer materials which are useful in preparing a gradcd ^^^ the inventive 



gradient index plastic optical material , ^^^ articles . This increase in the 
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range and types of materials suitable for use in the invention provides, for 
example, the ability to increase the difference in the refractive 
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«i^e5f indices between the sheathing and the core without unduly 
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compromising the performance characteristics of the optical 

material article, and, in some nasps. '^'^'^ the ability to widen the operating 
wavelength range "^^^of the mafee^j^^^ ^articles . This i s '^^^ particularly important 

when the artidf^s ;,rf^™ employed in data communications^'^^ ^ applications, ^^'m 
addition, the concentration of dopant in the core, necessary to provide the 
required difference in refractive 4fi4e*^^ indices ^". can be decreased when a 
sheathing dopant, having a lov ^ cr ^ ^which lowers thP ^^^ refractive index thon^^^of^" 
the polymeric sheathing pol^Tner ^*"^, is present. This decrease in the required 



s present, mis aecrease in the recai] 
'concentration of the core dopant^an'" significantly improvco ^^ improve ^"^ fhP 



miscibility of the core dopant ''^m^t^iri ^^ „hich directly impacts the optical 



characteristics, for example, transparency of the optical material. 
Further article . Furthermore'^^^. the sheathing dopant, in many instances, 
bohoveo gg a plaoticizcr in the graded index plaotic optical material . ^^^ will 
also behave as a plasticizer. Plast icizers , including plasticizina dopants, can 
enable hot-drawing of th e preform article according to the invention into, for 
example, an optical fiber at a lowe r temperature and/or higher drawing sp eed as 
previously discussed. 

Thio plaotiGizcr - like behavior qIIov^q for hot drawing of the material, for 
example^ in the ohapc of a preform rod at a lov^er temperature and/or higher 
speed. 

Plasticizers, including pl asticizing dopants, also provides advantages 
when forming the optical preform article during polymerization. In typical 
prior art methods not employing a sheathing plasticizer, when the core monomer 
is polymerized within th e sheathing tube, the core has a tendency to shrink in a 
radial direction as polymerizatio n proceeds. This results in the polymeric core 
separating from the she athing during the polymerization causing the formation of 
bubbles at the interface between the sheathing and the core for a significant 
fraction of the articles produced. These bubbles are very detrimental to the 
optical performance of the article, and normally are cut out of the article. 
thus reducing its length , or the article containing the bubbles is simply 
discarded. With the pres ent invention, the sheathing plasticizer can soften the 
polymeric sheathing, by lowering the glass transition temperature, an effective 
amount so that the shea thing will remain in contact with the core to a greater 
extent during core polym erization. In this way, the Quantity of bubbles formed 
at the interface can be markedly reduced. Specifically, the present invention 
provides a method for t he consistent production of plastic optical articles, 
each having an interface betwee n the polymeric sheathing and polymeric core that 
is essentially free of vi sible bubbles. The mechanical property advantages of 
including dopants and/o r plasticizers in the sheathing are not limited to 
applications involving gradient index plastic optical articles. Similar 
advantages, for examp le an increase in permissable drawing speed, may be 
realized for step-index plastic optical articles, plastic optical lenses. 
Plastic optical waveguides, and plastic optical integrated circuit s. ^^ 

The invention will now be further illustrated by the following examples 
which are not intended to limit the scope of the invention in any way. All 
percentages are by weight unless otherwise specified. 

EXEMPLIFICATION S^^ 
EXAMPLE 1: 

PREPARATION OF SHEATHING 

A sheathing solution containing 1600 g (92.2 %wt) ^^^of purified methyl 
methacrylate (M^4A) , 4 . 00 g ( 0.25 weight percent of }gtlA S^ 0.23 %wt S^^ of lauryl 
peroxide as the polymerization initiator, 3.42 ml of 1-butanethiol (0.18 v^cight 
pcrcont of tlMA 0.17 %wt ) as the chain transfer reagent (available from 
^■'"810^^'^ Chemical Co., Inc. t^^^J"^ Milwaukee, WI) and 128 g (8 weight percent 

mm of dicyclohexyl phthalate (7.4 %wt) as the sheathing dop ant ^'^w;is 
stirred and degassed for about 30 minutes. 

To an appropriately stoppered glass tube, having an inner diameter of 30 
mm and a length of 1.5 meters was added sheathing solution, to tfee 
appropriQtc ^'V''' height of 1 meter "^o achieve the decircd ^'V'^ final ratio of 




core to sheathing thickness . For cicamplc ^^^ of about 2:3. In general ^^^ a final 
ratio of the thickness of the sheathing wall to core thickness can be between 
about 1:4 to about 2:1. Both ends of the tube were sealed, and then the tube 
was placed in a water bath at a temperature of 71^^^ ^ degrees ^^^C and polymerized 
while being rotated at approximately 500 rpm for 20 hours. The tube was then 
placed in a rotating oven (approximately 5 rpms) for two hours at lOO'^C. A 
poly (methyl mcthaGrylatc] degrees C. A p olvmeric ^^^ sheathing tube was 
prepared thus obtained ^^^ . 

PREPARATION OF CORE-J-^^^ 

The sheathing prepared above was kept in the glass tube, and the container 
formed by the cylindrical inner surface of the sheathing was filled with a 
solution containing 350 g (92,1 %wt) ^^^of MMA, 200 microliters of t-butyl 
peroxide,^ 600 microliters of 1-dodecanethiol and 30 grams (8.5 weight 
pe^eent (7.9 %wt^^^ of diphenyl sulfide-.^^^ as the core dop^n^^ The tube was 
^^834^'^835'''^ ^^^"^ heated in a vertical position at 90^*^^^ degrees ^^^C for at leaot 
^ 24 hours. The tube was then placed in the oven horizontally and heated for 
12 hours at 90^^^^ degrees ^^^C, 24 hours at 

'^^ol^^^^^ llQ^egrees ^^^C. IQ hours at 120-^^^ degrees ^^C and 4 hours at 

130— degrees C while 

rotating at a speed of 5 ^pifte^'^^r^^'*^ . 

The graded gradient^"^^ index plastic optical preform rod was then removed 
from the glass polymerization container. The rod was then slowly inserted into 
a cylindrical heating furnace from the top while the furnace was maintained at a 
temperature between 180^^^^ degrees ^^^C and 220^^^^ degrees ^^^C. When the rod was 
softened sufficiently, hot-drawina and ^^^.spi nni no into an optical fiber ^^"^at a 

constant speed of approximately ^^^^15 mctero ^^V^Vmin was started from the 
bottom of the rod. 

EXAMPLE 2-!-^^^ 

PREPARATION OF SHEATHING 

^ polymeric sheathing was pr epared as in Example 1 above, except that the 
sheathing solution containing 1600 g of purified methyl mcthacrylatc m^) , 
1.00 g (0.25 ucight percent of ^^ %^.) of lauryl peroicidc go the pol^^Tnerization 
initiator, 3.12 ml of 1 butanethiol (0.18 weight percent of m^h) go the chain 
tranofcr reagent (available from Aldrieh Chemical Co., Inc.y Milwaukee, WI) and 
320 g (20 weight percent of MMA ^^^ contained 320 a (16.6 %wt ^^^) of dicyclohexyl 
phthalate wao atirred and dcgaaocd foi^ ^^-^ as the sheathing dopant. 
about 30 minutes. 

To an appropriately otoppercd glaoo tube, hgving an inner digmetcr of 30 
mm and a length of 1.5 mcterg wao added ohcathing golution, to the appropriate 
height to achieve the deoircd final ratio of core to ohoathing ^^ 
thiotoeoci. For example, a final ratio of sheathing to core thickncoa can be 
between about 1:1 to 2:1. Doth endo of the tube were oealcd, and then the tub e 
wao plaocd in g water bath at a temperature of ll^'C and pol^Tncriged while bein g 
rotated at approximately 500 rpm for 20 hourci . Thc ^^^ 

tube wao then placed in a rotating oven (approximately 5 rpma) for two houro at 
100°C. A poly(methyl methaorylate) ohcathing tube wao prepared. 



PREPARATION OF CORE: 

The Qhcathing proparcd above v/ao kept in the glaoo tube, and the container 
formed by the inner ourfacc of the Ghcathing v/ao filled with a oolution 

870 

containing 350 g of A polymeric core, preform rod and optical fiber were 
prepared as in Example 1 ab ove, except that the core solution contained no added 
core dopant . 

l^^^ 200 microlitcrG of t butyl pcronidc and 600 microlitero of 1 dodGcancthiol . 
The tube vfao ocalcd and then heated in a vertical pooition at DO°C for at Icaot 
12 houro. The tube wao then placed in the oven horizontally and heated for 12 
houra at 90°C, 21 houro at 110°C, 10 ^^^ 

houro at 120°C and d houro at 130°C vfhilc rotating at a opeod of 5 rpmo ; 

The graded index plaotio optical preform rod wao then removed from the 

glaoo polymerization container. The rod v/ao then glovay inoertcd into a 
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cylindrical heating furnace 

from the top thereof vjhile the furnace wao maintained at a temperature between 
180°C and 220°C. When the rod wao ooftened ouf f iciontly, opinning at a conatant 
opeed of approicimatcly 5-15 metcro/min v/ao started from the bottom ^^^ 
of the rod. ^^*^ 

EXAMPLE 3 ^^'^ 

A polymeric she athing, polvmeric core, plastic optical preform rod, and 
optical fiber were prepared as outlined in Example 1, except that 2.2,4- 
trimethyl-1, 3- pentanediol diisobutyrate was substituted for dicyclohexyl 
phthalate as the sheathing dopant. 

EXAMPLE 4 ^^^ 

A polymeric sheathi ng, polymeric core, plastic optical preform rod, and 

optical fiber were prepared as outlined in Example 2, except that 2.2.4- 
trimethyl-1, 3- pentanediol diisobutyrate was substituted for dicvclohexvl 
Phthalate as the sheathing dopant. 

EXAMPLE 5 ^^^ 

== A polymeric sh eathing, polymeric core, plastic optical preform rod, and 

optical fiber were prepared as outlined in Example 1. except that diethyl 
succinate was s ubstituted for dicyclohexyl phthalate as the sheathing dopant. 

EXAMPLE 6 ^^-^ 

A polvmeric shea thing, polymeric core, plastic optical preform rod, and 
optical fiber were pre pared as outlined in Example 2. except that diethy l 
succinate was su bstituted for dicyclohexyl phthalate as the sheathing dopant. 

EQUIVTVLENTG ^^^ 

Those skilled in the art will recognize, or be able to ascertain using no 
more than routine experimentation, many equivalents to the specific embodiments 
of the invention described herein. Such equivalents are intended to be 
encompassed by the following claims. 

CLAIMS ^^^ 



WhQt io clQimcd io! ^^^ 
Claims 
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1. Ag graded gradient index plastic optical matcrial ^^^rticle^^^ comprising: 
^ ^ a polymeric s heathing, which is at lea st partiallv^^^ 
transparent^ to liqht^t at least one wavel ength, including a ^^^sh^;.thi nrr having 
a chcathing polymer and a sheathing dopant, the sheathing dopant having a 
refractive index which is less than that of the phoathing pol^yTncr; and ^^^aa 
equivalent polyme ric sheathing without the sheathing dopant; and ^^ 

^ Q tranoparcnt coro diopoacd within the ohcathing, comprioing a core 

pol^ynnacr having a rcf ractivc ^^^ 

indcic greater than that of the ohcathing and an optional core dopant^ ^' 

a polymeric core, including a core polymer, coaxiallv disposed within said 
sheathing, said core being at least pa rtially transparent to light at at least 
one wavelength and^^ having a gradient in^^^ refrantivA i nH^v-..rhn- n>. n grea^ter 
than that^of the core pol^yTOcr; wherein the coro dopant hag a concentration 
gradient in a specific direction. 

2, The ^^tcriol^ ^^ article ^^ of Claim l ^^^ claim 1,^ ^^ wherein said sheathing 
dopant lowers the refractive index of the tranoparcnt core io greater than 
that of the tranoparcnt ohcathing ouch that the material io ^^^ ouitablc to conduct 
l^^^t polymeric sheathi ng by at least 0.0005 compared to an equivalent 
sheathi ng without said sheathing dopant^ ^^. 

The material of Claim 1 in the ohape of a cylindrical preform rod. ^^^ 

— The article of claim 1. wherein said sheathing dopant is present in the 
polymeric sheath ing at an overall concentration less than 35 Iwt. ^^"^ 



The material of Claim 1 in the ohape of a cylindrical fiber having an 

outer diameter between about 0.2 millimetcro and about 1 millimeter .^ ^^ 

4. The article of claim 1. w herein said sheathing dopant is present in the 
polymeric sheathing at a n overall concentration less than 20 %wt. ^^^ 

917 918 

5. The material article of Claim 1 wherein the ohcathing and core poliywro 
are formed from different pol:yTacrizable monomcro^ ^ ^claim 1, wherein said 
sheathing dopant is prese nt in the polymeric sheathing at an overall 
concentration less than 15 %wt ^^*^. 

921 922 

The material article of Claim 1 v^hcrcin the ohcathing and core polymers 



are formed from the game pol^Tuerizable 30 monomer ^^ claim 1, wherein the 
interface between said pol ymeric sheathing and said polymeric core is 
essentially free of visible bubbles^^"* 



^925 



^hc material of Claim 6 wherein the pol:yTncriEable monomer io methyl 
mcthacrylate . 




7. The article according to nUim 1. where in said poly meric sh^pfhinrr .r.n 
said polYtneric core are both at least nartiallv tran. s parent to ^h. same ah 1 e...t 
one wavelength of light. ' ' 

8. The material ^ article^^'^ of Claim 7 wherein the Dhcathing dopaal jj 
dimethyl oebatoL c claim 1, wherein said nolv meric core farther innlnriP.. . nr... 

dopant having a refra7:ti.ve Indev wh i ch is greater than th^f o f an ea ni v ^^ 

polymeric core wi thout the core dopant ^^'. 

9- The^m.-i t or ial of Cl a liu 9 uhcrcin the core dopant ia ben z yl 
bcnzoQtc. article according to claim 8. whe rein the refractive index of the 
central axis of the p ol y meric coi^ exce eds that of the polymeri c shea tM^^y at 
least 0.01. ^ 

10. Tho material of Claim 1^ ^ The article accorHinM to claim g.^^S ^^erein the 
t^hcQthing dopant ia dilnobutyl a d l pafee^'^ 'overall concentration of said n.nr~. 
dopant in said po lymeric core is less than 12 %wt ^^^.~ 

a- 



Thc material of Claim 10 wherein the oorc dopant La benzyl 

^^"^^^^^^ ^ The article of claim g. wherein said article ha... a m..^ 

service temperatu re of at least 40 degrees C.^ 

■3^- . The material of Claim 6 wherein the pol:^Tncrigablo monomer io 2^2 
bia(trifluoromGthyl) ^,5 difluoro 1, 3di o :c o l L..^''° 

~ 13. The material of Claim 1 wherein the aoro dopant Ld n ot prcoent.^'" 

12 The article of claim 8. wherein said core dopant has a concent ra 1- i 
gradient within said core in the same direct i on as the gradient in refractive 
index . 

14. A method for forming a graded indoic plaatio optiool ^'*^ 
matorial, comprioing the otcpo of;^ '*^ 
(g) providing a tranaparcnt tube of oheathing^ '*^ 

7Z material comprioing a oheathing pol;ymer and a ohoathinq 

dopant; and^ 

(b) forming a tranapurent oorc, within the oheathing tube produeod in atcp (g) 
oaid^oore having o refraotive index greater than that of tho oheathing tub e 

^t' .,7^^ a^^ticle of claim 12 wherein, .sai d polymeric core furth er inclndes s;.iH 
sneathmg dopant having a concentration gradient within the core in a sneni f i o 
direction opposite that of said d i rection of the concentration grad ient of the 
core dopant. — — == 

i-! .f ^'^•'•^"^ ahcathing tube with a core oolution comprioing g oorc 

polimeriaablo monomei, which upon pol:,Tneriaation, hao a rcfrnotive indcA yic uL ui 
than that of the 

.-.^^^'' ^^^".g '^"'"^ ^^^^ "^^^ ^" optional core dopant having a refractive lua c x 
greater than that of the pol:,TOcr obtained upon poliyTneriaation of the uu i c 
monomer; and 

(ii) poli-meriging the ooro monomer of the oor e^" 




solution to form q graded indci: plaotic optioal material having an ouL u^ 

ohcathing and an inner corc; - 

14. The article of claim 3. wherein the refractive index at the central axi.s 
of said polymeric core is ar^er than th e refractive index of said Dolvme:;i;r 
sheathing, where said article nondn cts light ^t at least nn e wavelength wifh 
attenuation less than 500 dB/km. . 

^ ^ • The method of Claim 11 wherein the ohcathing tube io made by^ ^^^ The 
article of claim 14, wherein said artic le conducts light at at least"^ 
wavelength with a n attenuation less than 200 dB/km. 

. t Q) placing into a pol;vTacrigation container g aheathing Golution 

Gomprioing a ohcathing polymerizable monomer and a ohcathing dopant, the 
ohcathing dopant having g refractive indcK lower than that of the polym ci 
obtained by the 

polymcriEation of the ohcathing monomer; and^ ^^ 

(b) cauoing the ohcathing monomer of the ohcathing oolution to polyTncriac within 
the pol^TncriEation container in a cylindrical configuration to form a 
tranoparent ohcathing. tubc. ^^^ 

16. ^^The me^W^^Vticle^^^ of Claim 15 ^^^ claim 1^^ ^^ wherein the material ia in 
^he- shape of a the articl e is an essentiallv^ ^^ cylindrical prcform^^^ rod. 

17. The method of Claim 15 wherein the ohcathing and core poli^Tnorizable mon o m cio 
arc different. 

.17. The article of claim 16, w herein said rod is hot-drawn into a fiber that 
conducts light having a dia meter less than said rod at a draw Tf^tf ^, of at lea.st 

method of Claim 15 wherein the ohcathing and core pel ^Tncri gable 
monomcro arc the oame article o f claim 1. wherein the shape of the article is 
an essentially cylindrica l fiber having an outer diameter less than 1 
millimeter 

19. The me^^^^^^article^^^ of Claim 18^ ^^claim 1,^^^ wherein %fee^^^said sheathing 
polymer and said core polvmer are formed f r om different ^^^ polymer izable monomer 
io methyl methacrylatc monomers ^^*^ . 

20. The meW^^^article'^' of Claim IB ^^^claim 1,^^ wherein ^^^^said sheathing 
polymer and said core polvmer are formed from the same^^^ polymer izable monomer 
io 2,2 bio (trifluoromcthyl) - 5 difluoro ly35 dioxolc^^^ 

21. The article of claim 20, wherei n the polvmerizable monomer is methvl 
methacrvlatf>, 

'^^^L^^^^^-''^ claim 1, wherei n said sheathing dopant is dimethyl 
sebatate. 

'^^Sl,^^^^'^-'-^ claim 1, wherein said sheathing dopant is diisobuty l 
adipate. 




24. The article of claim 1, wherf^ln said sh eathing dopant is 2 , 2 . 4-trimethY l - 
1. 3-pentanediol diisobutyrateT ^ 

25. The ^^ticle of claim 1, wherein said sheathing dooant is diethy l 
succinate. 

26. The article of claim 8, wherein said core dopant is benzvl benzoate, ^^ 

27. The article of claim 8, wherei n said sheathing dopant is dimethyl sebatate 
and sai d core dopant is benzvl benzoate. ^^"^ 

29. The article of claim 8. wherein said sheathing dopant is diisobuty l 
adipate and said core dopant is benzyl benzoate. ^^^ 

30. The article of claim 8. wher ein said sheathing dopant is 2 , 2, 4-trimethvl- 
1,3-pentanediol diisobutvr ate and said core dopant is benzvl benzoate. ^^^ 

31. The article of claim 8, wher ein said sheathing dopant is diethyl succinate 
and said core dopant is benzyl benzoate. ^ 

32. A method for form ing a gradient index plastic optical article 
comprising: 

• — (a) forming a tube o f polymeric sheathing material that is at least 
partially transparent to l ight at least one wavelength from at least one 
polvmerizable sheathing m onomer including a sheathing dopant; and ^ 

. — ^b) forming a polymeric core that is at least partially transparent 
to light at at least one wavelen gth within the tube formed in step (a) , with 
said core having a gradien t in refractive index in a specific direct ion_^y^ ^^^^ 

fi) fillin g said tube with a composition including at least 
one pol ymerizable core monomer; and '^^^ 

(ii) poly merizing said core monomer. 

^'^'iuu:^'^^^ method of claim 32, wherei n said tube of sheathing material is formed 
b^ 

supplying a cyl indrical polymerization container ; 



placing a quan tity of a composition including said at least 



one polvmerizable sheathi ng monomer and said sheathing dopant into said 
container; and 

ii>i)o polymerizing sai d sheathing monomer to form a hollow poly meric 

tube. 



ive 



34. The method of claim 32, whe rein said sheathing dopant has a refract 
index less than said polymerizable sheathing monomer when polymerized without 
the sheathing dop ant . ^^^^ 

35. The method of claim 32, where in the composition in step (b) (i) further 
includes a core dopant . 



t 7 



36. The method of claim 35, wherei n the core dopant has a refractive index 
greater than^ Uiat of the polvmerizable core m o nomer when poly mer ized without th^^ 



core dopant. 

37. The method of claim 32, wherein energy is supplied during step (b) (ii) 



iOlO 



38. 


The 


method 


of 


claim 


33, 


wherein 


energv is supplied durina .st^n (n) 


1011 


39. 


The 


method 


of 


claim 


37, 


wherein 


said energy 


is in the form of heat. 


1012 


40. 


The 


method 


of 


claim 


38, 


wherein 


said energv 


is in the form of heat. 
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41. The method of claim 33, wher ein said polymerization container is rotated 
during step (c) 

42. The method of claim 32, wherei n said polvmerizable sheathi ng monomer and 
said po lvmerizable core monomer are different. 

43> The method of claim 32, wherei n said polvmerizable sheathing monomer and 
said po lvmerizable core monomer are the same. ^^^^ 

— The "^Qt^Q^ claim 43, w herein the polvmerizable monomer is methvl 
methacrvlate , 

The method of claim 32 further comprising the step of hot-drawing 
the article formed afte r the completion of step (b) at a predetermined 
temperature and speed to form a gradient index optical fiber. 

^= A gradient i ndex plastic optical article having a polvmeric 

sheathing that includes a sheathing dopant . ^^^^ 



47. A gradient index p lastic optical article comprising: ^^^^ 

a polvmeric sheathin g, which is at least partiallv transparent to 
light at at least one wa velength, including a sheathing polvmer; and ^"^' 

a polvmeric core co axiallv disposed within said sheathing, which is 
at least partially transparent to li ght at at least one wavelength, including a 
core polvmer and a specif ic overall concentration of a core dopant having a 
refractive index greater th an that of the core polvmer. said cor e dopant having 
a concentration gradient within the core in a specific direction; ^^"^ 

said polymeric shea thing being constructed and arranged so that a 
difference in refractive indices between the central axis of said polvmeric 
core, having said overall concentration of core dopant, and said polvmeric 
sheathing exceeds a difference in refractive indices between said central axis 
of said polvmeric core, having sa id overall concentration of core dopant, and 
said sheathing polymer. '^ 

'^^fuz"^^^'^^ claim 47, w herein said overall concentration of core dopant 
is zero. 



49. The article of claim 41, w herein said polymeric sheathing includes a 
sheathinq^dopant having a refractive less than that of said sheathing 
polymer. 

50. The article of claim 47. whe rein the refractive index at the central axis 
of said polymeric core is greater than the refractive index of said polymeric 
sheathing, where said article conduct s light at at least one wavelength with an 
attenuation less than 500 dB/km. ^^^^ 

51. A gradient index plastic optical article comprising: ^^^^ 

a polymeric sheathin g, which is at least partially tra nsparent to 
light at at least one wav elength, including a sheathing polymer; and ^"^*^ 

a polymeric core co axially disposed within said sheathing, which is 
at least partially transpa rent to light at at least one wavelength, comprisino a 
core polymer and a core dopant having a refractive index greater than that of 
the core polymer and pres ent at a first overall concentration sufficient to 
create a difference in refractive indices between the central axis of the core 
and the sheathing of a desired value, said core dopant having a concentration 
gradient within the core in a specific direction: 

said polymeric she athing being constructed and arranged so that the 
maximum service temperat ure of the article exceeds that of an eouivalent article 
except having a sheathi ng comprised only of sheathing polymer and having a 
second overall core dop ant concentration reouired to create a difference in 
refractive indices betwe en the central axis of the core and the sh eathing equal 
to said desired value. 



The article of claim 5 1, wherein said overall concentration of core dopant 
ro and where said polym€ ' " _ . 

core in a specific direction. 



is zero and where said p olymeric core has a refractive index gradient with in the 
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53. The article of claim 5 1, wherein said polymeric sheathing includes a 
sheathing^dopant having a refractive less than that of said sheathing 
polymer. 

54. The article of c laim 51, wherein the refractive index at the central axis 
of said polymeric core i s greater than the refractive index of said polymeric 
sheathing, where said ar ticle conducts light at at least one wavelength with an 
attenuation less than 500 dB/km. '^^^ 

55. A gradie nt index plastic optical article comprising: ^^^"^ 

a polymeric sheath ing, which is at least partially transparent to 
light at at lea st one wavelength, including a sheathing polymer ; and ^^^^ 

a polymeric core co axially disposed within said sheathing, which is 
at least partially transpa rent to light at at least one wavelength, including a 
core polymer and a core dopant having a refractive index greater than that of 
the core polymer and present at a first overall concentration sufficient to 
create a difference in refractive indices between the central axis of the core 
and the sheathing of a desired v alue, said core dopant having a concentration 
gradient within the core in a specific direction; ^^^^ 

said polymeric shea thing being constructed and arranged so that said 
light at at least one wa velength is conducted by the article with less 
attenuation than by an equivalent article except having a sheathing comprised 
only of sheathing polymer and having a second overall core dopant concentration 



required to create a difference in refractive indices between the central axis 
of the core and the sheathing eq u al to said desired value. ^^^'^ 

'^^fu3»^^^*^'^^ claim 55, w herein said overall concentration of core dopant 
is zero. 



57. The article of claim 55. wherein said polymeric sheathing includes a 
sheathinq^dopant having a refractive less than that of said sheathing 
polymer. 



58. 



The article of claim 55. wherein the refractive index at the central axis 



of said polymeric core is qreater than the refractive index of said polvmerin 
sheathing, where said art icle conducts light at at least one wavelenqth with an 
attenuation less than 500 dB/km.^^^ 



59. A Plasti c optical preform article comprising: 

== — a polymeric sheat hing, which is at least partially transparent to 

light at at least one wavelength and possesses a refractive ind ex of a first 
value at said at least one wavelength, including a sheathing polvmer and a 
plasticizer; and ^^^ 

a polymeric core, coaxially disposed within said sheathino, which is 
at least partially trans parent to light at at least one wavelength, possesses a 
refractive index of a second value at the central axis of the core at said at 
least one wavelength, and includes a core polvmer; said second value of 
refrac tive index exceeding said first value, ^^"^ 

^Q' article of cl aim 59, wherein the polymeric core has a refractive 

index gradient within the core in a specific direction. 

61. The article of claim 59> wherein said preform can be formed into an 
essentially cylindrical optical fiber having an outer diameter less than 1 
millimeter by extrusion. 

62. The article of cl aim 61. wherein said fiber conducts light at at least one 
waveleng th with an attenuation less than 500 dB/km .^*^^ 

63. The article of cla im 59, wherein said preform can be formed into an 
essentially cylindrical optical fiber having an outer diameter less than 1 
millimeter by hot-drawing . 

64. The article of cla im 63, wherein said fiber conducts light at at least one 
wavelen qth with an attenuation less than 500 dB/km. '^^ 

The article of claim 64. wherein said fiber is hot-drawn from said rod at 

a drawin g speed of at least 3 m/min. ^^^ 

66. The article of cla im 64, wherein said fiber is hot-drawn from said rod at 
a drawin g speed of at least 5 m/mi n.^^^^ 

21. The method of Claim 15/ further compriaing the atop of: hot - drav^ing the 
graded index plaotic optical material at a tcmporaturc and apccd, to thereby 
obtain a graded index plaotic optical fiber. ^^^^ 
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67. 



The article of claim 59, wherein said plasticizer acts as a sheathing 



dopant ^^^^irig a refractiv e index which is less than that of said sheathing 
polymer. 

22. A graded indoK plaotic optical fiber produced by tho method of Claim 21 
which io optionally jQckctcd with a ouitablc jacketing compooition in cither a 
single or duplex configuration . ^^^"^ 

^ claim 59, when sai d polymeric core further includes a core 

dopant . 

23. A tube of oheathing material comprioing a ohcQthing ^^^^ 

pol^yrmer and a oheathing dopant . ^^^^ 

69. The article of cla im 59, wherein said sheathing polYmer and said core 
polymer are form ed from the same Dolvmerizable monomer. 

70. The article of cla im 69, wherein the polymerizable monomer is a 
perfluorinated monomer wh ich yields an amorphous oerf luorinated polymer upon 
polymerization. ^ 

The article of claim 59, wherein said sheathing polymer and said core 

polymer are forme d from the different polymerizable monomers J ^^^ 

72. The article of claim 71, wherein the polymerizable monomer forming the 
sheathing polvmer is a perfluorinated monomer which yields an amorphous 
perfluo rinated polymer upon polymerization. 

73. A method for maki ng a gradient index plastic optical fiber comprising : 

— forming a polymeri c preform rod comprising a polymeric sheathing and 

a polymeric core coaxia lly disposed within said sheathing, said polymeric core 
having a gradien t in refractive index in a specific direction; and ^"^^ 

hot-drawing said rod at a draw rate of at least 3 m/min into a fiber 
that conducts light of at least one wavelength with an attenuation less than 500 
dB/km. ^^^^ 



A plastic optical preform article comprising: 

a polymeric sheath ing, which is at least partially transparent to 
light at at least one wavelength, possesses a refractive index of a first value 
at said at least one wav elength, and includes a sheathing polymer; and ^^^^ 

a polymeric core, coaxially disposed within said sheathing, which is 
at least partially trans parent to light at at least one wavelength, possesses a 
refractive index of a s econd value at the central axis of the core at said at 
least one wavelength, a nd includes a core polymer and a core dopant having a 
refractive index greate r than that of the core polymer and present at a 
specified overall concentration; '^^^ 

said second valu e of refractive index exceeding said first value by at 
least 0.01 at said at least one wavelength, with said specified overall core 
dopant concentration not exceeding 12 %wt . 
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A plas tic optical article comprising; 



a polymeric sheathing, whinh is at least partiall y transparent to 



light at at least one wavelength, posses ses a refractive index of a first value 
at said at least one wavelenothT and inclndes a sheathing poly m er; and "^^ 

a polymeric core, coaxiany disposed within sai d sheathi ng, which is 
at least partially transparent to light at at l east one wavelength, possesses a 
refractive index of a second v alue at the central axis of the c ore at said at 
least one wavelength, and inclndes a core p olymer and a core dopant having a 
refractive index greater t^an that of the core poly mer; 

said second value of refractive index exceeding said first value bv at 
least 0.01 at said at least one wavelengt h , and the operating t emperature of the 
article being at least 40 degrees C. '°^' 

ABSTRACT OF THE DISCLOSURE ^"^^ 

Graded pla^tl c'»^^ Poly meric'"^^ optical matcrial. '»^Wicles'»^^ including 

gradient index optical Veforms and #ifee*e'°''«fifeer'°''' produced therefrom, are 
described. Methods for producing the optical matoriQlo ^°^° articles '°" using 
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plasticizers and/or dopants in the sheathing of the matorial'°^^ articles 
also described. Tho qradcd '°^^ Gradient ^°^^ index plaotio '"^Vtical 
matcrialo articles made according to the invention '"^^ have excellent optical 
characteristics, enhanced f lcnibilitv '"^ Vechanical~^roperties '^' and good'°^^ 
environmental stability, and enab le more flexibility in the selection of 



are 



materials. 
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